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Resumé de la thèse

L’organisation de la chromatine est liée à de nombreux processus biologiques. Les
techniques de capture de conformation des chromosomes ont révélé que la chromatine
est organisée en domaines enrichis en interactions chromatiniennes, appelés Topologi-
cally Associating Domains (TADs). Chez la drosophile, les TADs cöıncident avec les
marques chromatiniennes actives et réprimées, et sont classés en fonction de leurs états
épigénétiques. L’un de ces types de TAD, connu sous le nom de TADs Polycomb, est
lié aux protéines du groupe Polycomb (protéines PcG), une famille de facteurs conservés
dans la plupart des organismes eucaryotes, et cruciaux pour la régulation de la répression
des gènes. Des preuves issues de la microscopie et des techniques de capture de la
conformation des chromosomes montrent que les cibles PcG ont tendance à interagir
préférentiellement les unes avec les autres, ce qui suggère qu’elles forment des comparti-
ments de répression. Cependant, on sait peu de choses sur la nature de ces interactions,
ou si plusieurs gènes PcG sont associés en 3D pour former des compartiments.

Dans ce travail, nous étudions le rôle des protéines du groupe Polycomb dans la
formation de compartiments répressifs au cours du développement de la drosophile en
appliquant Hi-M, une nouvelle méthode basée sur l’imagerie qui permet la reconstruction
de la conformation de la chromatine tout en préservant l’information spatiale. Nous avons
d’abord étendu Hi-M pour permettre l’imagerie d’échantillons épais et multicouches en
combinant un robot de manipulation fluidique à un microscope confocal et en adaptant les
pipelines d’analyse existants. Ensuite, nous avons appliqué cette méthode pour étudier
l’organisation chromosomique des gènes cibles de Polycomb dans différents segments d’un
embryon de drosophile en développement. Nous montrons que la co-localisation spatiale
de cibles Polycomb intra-chromosomiques distantes est peu fréquente, et que ces inter-
actions sont principalement par paires. Nous observons également que les interactions à
longue portée sont acquises après l’émergence des TADs à NC14, de façon concomitante
avec l’enrichissement des foyers de PcG. Ces résultats ont été soutenus par la modélisation
du polymère montrant qu’un polymère séparé en microphase dans le régime des globules
capture le comportement expérimental des domaines Polycomb. Nos expériences et sim-
ulations suggèrent que les compartiments répressifs Polycomb se forment par des associ-
ations par paires peu fréquentes de domaines Polycomb. Enfin, nous montrons que les
fréquences d’interaction entre les cibles Polycomb sont modulées à la fois par la répression
et l’activation transcriptionnelle. Dans l’ensemble, nos résultats éclairent l’organisation
des gènes cibles de Pc à l’échelle du chromosome, et contraignent les futurs modèles de
formation des compartiments de Pc.
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Abstract

Chromatin organization is related to many biological processes. Chromosome confor-
mation capture techniques revealed that chromatin is organized in domains enriched in
chromatin interactions, called Topologically Associating Domains (TADs). In Drosophila,
TADs coincide with active and repressed chromatin marks, and are classified according to
their epigenetic states. One of these TAD types, known as Polycomb TADs, are bound by
Polycomb group proteins (PcG proteins), a family of factors conserved in most eukaryotic
organisms, and crucial for the regulation of gene repression. Evidence from microscopy
and chromosome conformation capture techniques shows that PcG targets tend to pref-
erentially interact with each other, suggesting that they form repressive compartments.
However, little is known about the nature of these interactions, or if several PcG genes
are associated in 3D to form compartments.

In this work, we investigate the role of Polycomb group proteins in the formation
of repressive compartments during Drosophila development by applying Hi-M, a novel
imaging-based method that enables the reconstruction of chromatin conformation while
preserving spatial information. We first extended Hi-M to enable imaging of thick,
multi-layered samples by combining a fluidics handling robot to a confocal microscope
and adapting existing analysis pipelines. Next, we applied this method to the study
the chromosome-wide organization of Polycomb target genes in different segments of a
developing Drosophila embryo. We show that spatial co-localization of distant intra-
chromosomal Polycomb targets is infrequent, and that these interactions are predom-
inantly pairwise. We also observe that long-range interactions are acquired after the
emergence of TADs at NC14, concomitantly with the enrichment of PcG foci. These re-
sults were supported by polymer modelling showing that a microphase-separated polymer
in the globule regime captures the experimental behaviour of Polycomb domains. Our
experiments and simulations suggest that Polycomb repressive compartments form by
infrequent pairwise associations of Polycomb domains. Finally, we show that interaction
frequencies between Polycomb targets are modulated by both transcriptional repression
and activation. Overall our results shed light into the chromosome-wide organization of
Pc target genes, and constrain future models for the formation of Pc compartments.
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1 Introduction

1.1 Historical perspectives

From early on, human curiosity oriented our efforts towards the understanding of nature
and the world around us, including the study of living beings. Technological develop-
ments, like lenses (that were developed by the Greeks, around the 5th century BC) were
crucial in the quest for knowledge, although we had to wait up to relatively recent years
to see them in use in the life sciences. During the 17th century, the development of
microscopes set in motion the study of microscopic life. One of the first accounts of
microscopical observations comes from Robert Hooke, who used an early hand-crafted
microscope. In his 1665 book Micrographia [ , 1665], he describes the appearance of
different organisms (figure 1). He coined the term cell, based on the resemblance of the
structure he observed in plants and honeycomb cells. Roughly at the same time, the
dutch scientist Anton van Leeuwenhoek observed motile objects, that we now know as
protists, and bacteria. He called them ”animalcules” (coming from a Latin expression
that means ”little animals”) , and was one of the first persons to propose the existence
of living microscopic organisms.

Figure 1: Robert Hooke’s drawings of the cellular structure of cork and a branch of a plant from Micrographia (1665)

In 1839, based on microscopy images, the physiologist Theodor Schwann and the
botanist Matthias Schleiden developed the cell theory. This was the starting point of cell
biology. They stated that cells are the most basic unit of life, and that all living beings
are composed of one or more cells. In 1831, Robert Brown identified an organelle in plant
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cells which he called ”nucleus”. The work of several scientists, like Thomas Schleiden and
Oscar Hertwig, suggested it was involved in heredity. Further developments in sample fix-
ation and staining techniques allowed to identify structures within the nucleus. Walther
Flemming discovered a stainable substance that he called ”chromatin” (from the greek
chromos, that means color), using an aniline based stain. He also described the process
of mitosis. Around 1900, Walter Sutton and Theodor Boveri independently identified
chromosomes as the carriers of genetic information, being the physical basis of Mendelian
laws of heredity. The first studies of the spatial organization of chromosomes appeared in
the same period, with the work of Carl Rabl and Boveri, who identified that chromosomes
occupy defined positions in interphase nuclei, called chromosome territories (CT) [Cremer
and Cremer, 2010]. In 1928, the geneticist Emil Heitz further described the structure of
chromatin. By staining interphase chromosomes, he identified two different regions: one
that was condensed, and other that remained decondensed. He called them heterochro-
matin and euchromating respectively, and proposed that the differences in organization
are related to gene activity [Passarge, 1979]. This was the first time that a relationship
between chromatin architecture and gene expression was proposed. Around the same
period, the American geneticist Hermann Muller describe the phenomenon of position-
effect variegation, by which genes that are abnormally placed close to heterochromatin
become silenced [Muller, 1930, Baker, 1968, Elgin and Reuter, 2013].

1.2 From nucleosomes to chromosome territories: Different
scales of organization

1.2.1 The chromatin fiber

DNA (deoxyibonucleic acid) is the basic unit of genetic information, and forms a double
helix structure first described in 1953 [Watson and Crick, 1953, Wilkins et al., 1953,
Franklin and Gosling, 1953]. To fit in eukaryotic nuclei, DNA must be highly compacted.
This is achieved via a hierarchical multi-level organization. The first organization level is
the wrapping of the DNA double helix around histone proteins, to form the basic units of
what is known as chromatin. This structure was first observed in vitro in 1974 [Olins and
Olins, 1974, Kornberg, 1974, Woodcock et al., 1976, Maeshima et al., 2014], and consists
in 147 base pairs (bp) wrapped around an octamer of histone proteins (a pair of each of
H2A, H2B, H3 and H4). The association between the negatively charged DNA polymer
and histone proteins forms a nucleosome, and shortens the length of chromosomes by
7-fold [Luger et al., 1997, Richmond and Davey, 2003, Fraser et al., 2015b]. Adjacent
nucleosomes are connected by 20-80 bp linker DNA [Olins and Olins, 2003], forming the
11nm chromatin fiber [Ou et al., 2017]. This chromatin fiber has long been thought to
fold into 30nm chromatin fibers, but recent electron microscopy tomography experiments
show that chromatin arranges in disordered chains with 5-24nm diameters, that is packed
with different 3D concentrations and distributions [Ou et al., 2017] (figure 2).

Histones posses N-terminal tails that extend out of the nucleosome that can be cova-
lently modified. These enzyme-mediated modifications are known as post-translational
modifications (PTMs), and directly affect the local compaction of chromatin. For ex-
ample, acetylation leads to a de-condensation of chromatin, while deacetylation leads
to condensation [Kouzarides, 2007]. Decondensed chromatin allows transcription factors
and RNA polymerase to bind to regulatory regions associated with active genes, such
as enhancers and promoters. Condensed chromatin, on the other hand, causes nucleo-
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somes to be densely packed together, preventing RNA pol II binding, and its binding
to repressed genes. Some PTMs lead to the recruitment of chromatin-binding proteins
that can directly affect gene expression. For example, the H3K27me3 mark is deposited
by Polycomb Repressive Complex 2 proteins (PRC2), and at a second stage bound by
Polycomb Repressive Complex 1 (PRC1) proteins that can modify chromatin architecture
and render it inaccessible to RNA pol II [Francis et al., 2004, Klemm et al., 2019].

Figure 2: Electron microscopy images of chromatin. Left: typical image where we can observe the ”beads on a string”;
Scale bar = 30nm. Middle: images of isolated nucleosomes; Scale bar = 10nm. Right: Higher order chromatin fiber; Scale
bar = 50 nm. Adapted from [Olins and Olins, 2003]

1.2.2 Higher order chromatin structures at sub-chromosomal level and chro-
mosome territories

PMTs play a crucial role in processes like DNA replication, repair, and regulation of gene
expression. But epigenetic state can also influence higher order chromatin organization.
Traditionally, chromatin can be roughly divided into two broad categories: heterochro-
matin and euchromatin. Heterochromatin forms a more condensed structure, and is
functionally related to gene regulation, chromosome integrity and nuclear structure [Gre-
wal and Jia, 2007]. Euchromatin forms a lightly packed, gene-enriched form of chromatin,
and mostly contains active genes. These two types of chromatin can be further subdi-
vided according to combinations of histone modifications and associated factors [Filion
et al., 2010]. Euchromatin or active chromatin is characterized by a high degree of acety-
lation, particularly H3K27ac, as well as H3K4me2/3 and H3K36me3. Deposition of these
histone marks relies on the SET1/COMPASS and MLL COMPASS-like complexes (COM-
PASS coming from COMplex of Proteins ASsociated with Set1), which are also known as
trithorax group proteins (TrxG) complexes. This group of proteins play a key role in tran-
scriptional activation [Kennison and Tamkun, 1988, Piunti and Shilatifard, 2016, Schuet-
tengruber et al., 2007]. Gene promoters are marked by H3K4me2/me3, transcriptional
elongation at the gene body is characterized by H3K36me3, and enhancers are enriched
in H3K4me1 and H3K27ac [Heintzman et al., 2007, Mikkelsen et al., 2007, Kharchenko
et al., 2011, Filion et al., 2010]. In mammals and Drosophila, heterochromatin can be
broadly classified as black chromatin, facultative heterochromatin, and constitutive het-
erochromatin. Black chromatin is the most prevalent type of repressive chromatin in the
Drosophila’s genome. It consists of gene-poor chromatin devoid of histone PMTs associ-
ated to heterochromatin. Some proteins are found enriched in black chromatin, like H1,

13



D1, IAL and SUUR [Filion et al., 2010, Kharchenko et al., 2011].
Constitutive heterochromatin is mostly present at pericentromeric regions and telom-

eres. It is gene-poor chromatin composed mainly of satellite repeats and transposable
elements. It is characterized by H3K9me2/3 marks, and binding of HP1 [Maison and
Almouzni, 2004, Lomberk et al., 2006, Ho et al., 2014]. It remains condensed throughout
the cell cycle, and is crucial for the maintenance of chromosome integrity and proper
chromosome segregation [Grewal and Jia, 2007].

Facultative heterochromatin, also known as Polycomb associated chromatin, can be
found in developmentally regulated loci. Polycomb group proteins (PcG) are chromatin-
associated factors that possess histone-modifying activity [Schuettengruber et al., 2017].
They are known to form discrete foci inside the nucleus, called Polycomb bodies or foci
(PcG bodies or PcG foci) [Alkema et al., 1997, Buchenau et al., 1998, Saurin et al., 1998]
. PcG foci contain Pc bound chromatin regions. PcG proteins associate to repress their
target genes, via the deposition of H3K27me3 mark, and the modification of local chro-
matin architecture that renders chromatin inaccessible to the transcriptional machinery
[Francis et al., 2004]. Euchromatin and heterochromatin tend to occupy different regions
of the nucleus. Early evidence for a distinct organization came from imaging of human
lymphocyte nuclei. Images of chromosome 18, a gene poor chromosome, and chromosome
19, the chromosome with the highest gene density [Croft et al., 1999] consistently showed
that chromosome 19 was preferentially located in the nuclear interior, while chromosome
18 was located in the nuclear periphery. Later microscopy experiments completed and ex-
tended this picture, where imaging of all human chromosomes confirmed that euchromatic
gene-rich chromatin tends to locate towards the center, while heterochromatic gene-poor
chromatin tends to occupy the peripheral space, displaying a radial distribution of chro-
matin [Boyle et al., 2001, Bickmore, 2013]. Comparison of lymphoblastoid cells from
various primate species showed that this nonrandom radial nuclear distribution has been
evolutionary conserved despite major evolutionary chromosome rearrangements [Tanabe
et al., 2002]. Interestingly, some regions of the genome that are located towards the
nuclear periphery have been shown to associate with the nuclear lamina via the DamID
technique [Pickersgill et al., 2006]. Briefly, a bacterial DNA adenine methyltransferase
(Dam) is fused to a protein on the nuclear periphery, leading to a methylation of adenines
in the genomic regions that are in contact with it. These regions have been termed Lam-
ina Associated Domains (LADs) [Guelen et al., 2008]. LADs consist of gene poor regions,
with low levels of expression. The nuclear lamina plays a role in gene repression, as it has
been observed that genes that are artificially tethered to it are downregulated [Finlan
et al., 2008, Reddy et al., 2008]. Nuclear lamina proteins can be also found in lower
concentrations within the nucleoplasm [Hozák et al., 1995, Kolb et al., 2011]. These nu-
cleoplasmic lamin A/C proteins of the nuclear lamina have been shown to interact with
Polycomb proteins in mammals [Cesarini et al., 2015]. Lamina components are required
for correct PcG protein compartmentalization inside the nucleus, and their knockdown
leads to PcG bodies disruption, as well as ectopic PcG target activation [Cesarini et al.,
2015].

At a higher level, chromosomes occupy preferential regions of the nucleus. Early mi-
croscopy experiments from Carl Rabl and Theodor Boveri showed that chromosomes are
positioned in distinct positions inside the nucleus, called chromosome territories (CTs)
[Cremer and Cremer, 2010]. In the 1970’s, the work of several researchers [Stack et al.,
1977, Cremer et al., 1982] resurfaced this concept, gathering compelling evidence support-
ing that chromosomes remain in different domains throughout interphase. Later imaging
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developments, like Fluorescence in Situ Hybridization (FISH, see section 1.6.1), allowed
to directly observe CTs [Manuelidis, 1985, Schardin et al., 1985]. Imaging of CTs shows
that they’re formed by structures of different shapes and sizes [Bolzer et al., 2005, Khalil
et al., 2007, Küpper et al., 2007].

Figure 3: Schematic representation of the multiple scales of chromatin folding. 147 bp of DNA fold around histone
octamers to form nucleosomes. Arrays of nucleosomes, together with DNA binding proteins form the chromatin fiber. The
chromatin fiber folds into TADs, that associate into active and repressed compartments. Finally, chromosomes occupy
discrete territories inside the cell nucleus.

1.2.3 Topologically associating domains (TADs)

We just saw how chromatin is organized at the sub-Kb level (chromatin fiber), and at the
chromosome level (Mb). In between the Kb-Mb levels of organization, chromatin displays
structures crucial to gene regulation. Hi-C and 5C methods (chromosome conformation
capture techniques will be detailed in section 1.5 identified that A/B compartments are
partitioned into smaller domains at the Kb-Mb level. These domains were called Topo-
logically Associating Domains (TADs), and can be identified as ”square blocks” on the
diagonal of Hi-C matrices [Sexton et al., 2012, Nora et al., 2012, Dixon et al., 2012]. TADs
are characterized by preferential intra-domain interactions, and are conserved across dif-
ferent tissues and species[Dixon et al., 2012, Vietri Rudan et al., 2015](figure 4).

Given their implication in several biological processes, TADs are thought to define
regulatory units. TAD borders correspond to replication domains [Pope et al., 2014],
and genes within the same TAD tend to be co-regulated [Flavahan et al., 2016, Nora
et al., 2012, Shen et al., 2012, Zhan et al., 2017]. Notably, reporter genes inserted in
the genome are influenced by enhancers over regions that correlate with TADs [Sym-
mons et al., 2014]. TAD boundaries were observed to form loops, believed to reinforce
insulation between domains [Hug et al., 2017, Rao et al., 2014]. In agreement with this
hypothesis, disruption of TAD borders leads to ectopic gene expression [Flavahan et al.,

15



Figure 4: Hi-C maps of different species, showing genome partitioning. TADs are not easily defined in A.Taliana, but
insulated-like genomic regions are appreciated. On mammals, loops between TAD borders (or corner peaks) are pressent
(black circles). Adapted from [Szabo et al., 2019]

2016, Lupiáñez et al., 2015, Hnisz et al., 2016, Franke et al., 2016]. Furthermore, genome-
wide enhancer-promoter contact analysis showed that these contacts occur predominantly
within TADs [Bonev et al., 2017, Sun et al., 2019]. More recent studies, however, question
the functional role of TADs in transcriptional regulation (see below).

In mammals, TADs have sizes in the order of Kb-Mb [Dixon et al., 2012, Nora et al.,
2012]. Most TAD boundaries are enriched in CTCF [Vietri Rudan et al., 2015, Phillips-
Cremins et al., 2013], and in cohesin. Moreover, TAD borders can interact to form CTCF
border loops TADs displaying CTCF-mediated corner loops are called looped domains,
and represent 50% of all TADs. Border loops form from convergent CTCF sites, and
are lost upon inversion or removal of a single CTCF site, shifting the border to the next
CTCF site in the proper orientation [Sanborn et al., 2015, de Wit et al., 2015, Guo et al.,
2015]. A linear tracking model known as ”Loop-Extrusion Model” has been proposed
to explain the formation of mammalian of looped domains [Fudenberg et al., 2016, Vian
et al., 2018, Fudenberg et al., 2017, Sanborn et al., 2015], in which chromatin is extruded
by cohesin until it encounters two convergent CTCF sites.

In Drosophila, TADs correlate with epigenetic states, and are classified according to
their specific epigenetic marks as active TADs (H3K4me3, H3K36me3), Polycomb re-
pressed TADs (H3K27me3 and PcG proteins), black TADs (devoid of specific marks),
and heterochromatin TADs (H3K9me2, HP1, Su(var)3-9) [Sexton et al., 2012, Filion
et al., 2010]. Drosophila TAD boundaries display gene-dense, transcriptionally-active
chromatin, that is accessible and decompacted. Several insulator proteins are enriched in
TAD boundaries: BEAF-32, Chromator, CP190, M1BP and TFIIIC. The number of in-
sulator proteins bound to a TAD border directly correlates with it’s strength [Van Bortle
et al., 2014]. Contrary to mammals, drosophila CTCF is not abundant at TAD borders.
Since TADs correlate with epigenetic states, their compartmentalization strength corre-
lates with the degree of transcriptional activity of regions located in between them [Luzhin
et al., 2019], although inhibition of transcription does not impede boundary formation
[Hug et al., 2017]. The transcription factor Zelda has been proposed to be a key player
in the formation of boundaries in Drosophila, where TADs emerge early in development
(nuclear cycles 13-14) [Hug et al., 2017, Ogiyama et al., 2018, Cardozo Gizzi et al., 2019].

Global run-on sequencing (GRO-seq) of Drosophila genome partitions the genome into
active and inactive regions that correlate with TADs as observed by Hi-C [Rowley et al.,
2017]. Furthermore, super-resolution imaging shows that chromatin is organized into
condensed repressed TADs interspersed by active regions [Szabo et al., 2018, Boettiger
et al., 2016]. In line with these findings, STORM imaging showed that immunolabeled
H3K27me3 and H3K4me3 marks are spatially segregated in single cells [Cattoni et al.,
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2017]. Hence, TADs in Drosophila may represent the physical segregation of active and
repressed chromatin.

However, the role of TADs as functional units of chromosome organization is still
a subject of intense debate. Large rearrangements in Drosophila chromosomes caused
by deletions, duplications or inversions has been shown to affect gene expression only in
selected chromatin regions [Ghavi-Helm et al., 2019]. This effect may be due, among other
factors, to enhancer redundancy [Cannavò et al., 2016], a pervasive feature in Drosophila.
In another study, engineered inversions were performed in testis-specific gene clusters in
Drosophila [Meadows et al., 2010], and caused little effect in the expression of neighboring
genes.

In mammals, the role of TADs as functional units is also under current debate. One
study focused on the sonic hedgehog locus (Shh), involved in the growth and patterning
of many tissues in mice [Williamson et al., 2019]. Internal deletions, deletion of CTCF
sites, and deletions and inversions at the TAD border of the Shh locus were shown to have
no effect on Shh expression pattern or level of expression, resulting in no detectable phe-
notypes (as long as enhancers were not deleted). In another study in mice, the removal of
major CTCF sites in the Sox9/Kcnj loci resulted in the fusing of this two neighbouring
TADs, without major changes of gene expression [Despang et al., 2019], suggesting that
TAD structure is not essential for developmental gene regulation. However, gene misex-
pression is attained with inversions and insertions of boundaries, that cause a re-wiring
of enhancer-promoter interactions [Despang et al., 2019]. Finally, another study focused
in the HoxD locus, that lies between two TADs containing enhancers which control ex-
pression of different Hoxd genes in different tissues [Montavon et al., 2011, Andrey et al.,
2013, Berlivet et al., 2013]. The TAD boundary is thought to prevent genes from re-
sponding to the wrong enhancers, ensuring correct limb development. However, deletions
across the boundary did not affect the independent functioning of enhancers located at
each side of the locus, even when performing a big 400 Kb deletion that fused the two
TADs [Rodŕıguez-Carballo et al., 2017]

1.3 Polycomb group proteins and their role in shaping chro-
matin structure: gene repression at multiple scales

PcG proteins are evolutionary conserved chromatin-modifying factors that were originally
identified as regulators of homeotic gene expression in Drosophila. They are now known to
be involved in several processes such as X chromosome inactivation, cell fate choices, cell
cycle control, cellular senescence, genomic imprinting, and cancer, among others [Mills,
2010, Pasini et al., 2008, Sparmann and van Lohuizen, 2006, Delaval and Feil, 2004, Heard,
2005, Schuettengruber et al., 2007]. PcG proteins locally modify chromatin, via their
histone-modifying activities and their ability to change chromatin architecture. They can
also mediate H3K27me3 deposition, that can directly block the deposition of antagonist
marks like H3K27ac, and interfere with the recruitment of RNA Pol II. PcG protein
activity is also known to prevent histone acetylation [Tie et al., 2016]. In the nucleus,
some PcG proteins appear as microscopically visible foci, called Polycomb bodies [Alkema
et al., 1997, Buchenau et al., 1998, Saurin et al., 1998]. They regulate the expression of
developmental genes (e.g. Hox genes) by ensuring their efficient repression where they
should not be active. Another protein complex, called Trithorax group complex (TrxG)
plays an antagonistic role, acting as a transcriptional activator [Ingham, 1983, Ingham,
1985, Struhl and Akam, 1985, Kennison and Tamkun, 1988].
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1.3.1 PcG proteins diversity

PcG proteins can be roughly divided into different complexes: Polycomb Repressive
Complex 1 and 2 (PRC1 and PRC2 respectively, figure 5). PRC1 complexes can be further
divided into canonical PRC1 (cPRC1) and noncanonical PRC1 (ncPRC1). In mammals,
all proteins from the PRC1 complex share a conserved protein core that consists in two
subunits: a Ring1 protein (RING1A-B), and one PcG Ring finger proteins (PCGF1-6).
RING1A/B contains E3 ubiquiting ligase activity that monoubiquitinates histone H2A
on lysine 119, depositing the H2AK119ub mark [Napoles et al., 2004, Wang et al., 2004].
PCGF proteins are thought to regulate RING1A/B ubiquitination activity. The difference
between cPRC1 and ncPRC1 lies on the other proteins forming the complex. cPRC1 has
one of the chromobox proteins (CBX2,4,6-8) that bind the H3K27me3 mark [Fischle et al.,
2003, Min et al., 2003], and a homolog of Polyhomeotic (PH) protein that contains a sterile
alpha motif (SAM) essential for PcG repression [Robinson et al., 2012]. ncPRC1 posseses
YY1-binding protein (RYBP) or the homolog YAF2, that contribute to ubiquitination
activity [Tavares et al., 2012, Basu et al., 2014, Wilkinson et al., 2010, Rose et al.,
2016], that can associate with accesory proteins to define specific ncPRC1 subcomplexes.
In Drosophila, cPRC1 contains the homologs of the mammalian proteins, that is dRING
(homolog of RING1B), PSC (homolog of PCGF proteins), PC (homolog of CBX proteins)
and PH [Beisel and Paro, 2011]. dRING and PSC are present in both cPRC1 and ncPRC1
in Drosophila, and they are responsible for the deposition of the H2AK118/119Ub marks.
The ncPRC1 complex also contains the histone demethylase dKDM2, that demethylates
H3K36me2 and stimulates H2A ubiquitylation by dRING [Lagarou et al., 2008]. Both
in mammals and Drosophila, ncPRC1 complexes have a more enzymatic activity [Gao
et al., 2012, Blackledge et al., 2014, Francis et al., 2004, King et al., 2005, Rose et al.,
2016], while cPRC1 mediate chromatin compaction.

The PRC2 core complex is comprised by three proteins. In mammals it contains the
SET histone methyltransefarase enhancer of zeste (EZH2 or EZH1), embryonic ectoderm
development (EED) and supressor of zeste (SUZ12). Functionally, the core complex cat-
alyzes mono-,di- and trimethylation of histone H3 on lysine 27 (H3K27me1/2/3) [Pasini
et al., 2008, Müller et al., 2002, Cao and Zhang, 2004a]. The RbAp46/48 proteins are also
part of PRC2, and they stabilize the complex [Ciferri et al., 2012, Satrimafitrah et al.,
2016]. In Drosophila, PRC2 core complex contains E(z), ESC, SUZ(12) and NURF55
(also known as p55 or CAF-1). Other proteins associate with core PRC2. PHF finger
protein 1 (PHF1) or its Drosophila homolog Polycomb-like (PCL) associate to PRC2,
stimulating the trimethylation activity of EZH2 or E(z) respectively [Nekrasov et al.,
2007, Sarma et al., 2008]. AEBP protein also associates to regulate enzymatic activity
[Cao and Zhang, 2004b]. The protein family Jumonji (JARID2) also associates to PRC2,
to stabilize PRC2 occupancy and regulate H3K27me3 deposition [Shen et al., 2009, Herz
et al., 2012].

In Drosophila, genetic screens revealed further proteins that are not part of PRC1/2,
but that form additional PcG complexes. One of these complexes is the Pho-Repressive
complex. It comprises a zinc finger protein called Pleiohomeotic (PHO) and Scm-related
gene containing four mbt domains (dSFMBT) that can bind to H3K9me1 and H3K20me2.
Pho-repressive complex is thought to play a crucial role in the recruitment of PRC1 and
PRC2. The Polycomb repressive deubiquitinase complex (PR-DUB) is also part of the
PcG complex [Scheuermann et al., 2010], and is formed by two proteins: Calypso and
Additional sex combs (Asx). PR-DUB has H2A-specific deubiquitinase activity, that
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Figure 5: PcG proteins in Drosophila and mammals. They can be roughly divided in PRC1 and PRC2 complexes, with
the PRC1 complex further subdivided in cPRC1 and ncPRC1. Each complex is defined by the interaction between core
proteins (light and dark blue) and accessory proteins (green). Their enzymatic activity is also indicated. Image adapted
from [Entrevan et al., 2016]

is paradoxically required for PcG repression, suggesting that a balance between H2A
ubiquitination and deubiquitination is necessary for PcG-dependent silencing. There are
additional PcG proteins that are required for homeotic gene silencing that are not yet
assigned to a protein complex, like Sex combs on middle leg (Scm) [Kassis and Kennison,
2010] and Super sex combs (Sxc/Ogt) [Gambetta et al., 2009], that can associate with
PRC1.

1.3.2 Recruitment of PcG proteins to DNA

In Drosophila, PcG proteins are recruited to specific DNA sequences, called Polycomb
Response Elements (PREs), which also display binding sites for other DNA-binding pro-
teins (like PHO, GAF, Zeste, Cg, among others) [Kassis and Brown, 2013, Fauvarque
and Dura, 1993, Simon et al., 1993, Müller and Bienz, 1991]. These transcription factors
are important to PcG recruitment, but none of them can recruit PcG independently. A
hierarchical model of PcG recruitment was proposed, in which PHO recruits PRC2 via
direct interaction involving the ESC and E(Z) subunits [Klymenko et al., 2006, Wang
et al., 2004]. Subsequently, PRC2 component E(Z) deposits the H3K27me3 mark, that is
later recognized by the chromodomain of the PC subunit of PRC1, enabling the binding
of PRC1 to PREs. However, other studies question this model, suggesting that PRC1
can bind to some of its targets in absence of H3K27me3 [Loubiere et al., 2016, Kahn
et al., 2016, Schaaf et al., 2013, Farcas et al., 2012, Tavares et al., 2012, Blackledge et al.,
2014]. Furthermore, PRC1 recruitment was observed in absence of PRC2 binding [Kahn
et al., 2016]. Besides, PRC1 can mediate H2A ubiquitination, creating a binding site for
PRC2 that later deposits H3K27me3 [Kahn et al., 2016, Kalb et al., 2014, Blackledge
et al., 2014, Cooper et al., 2014], inverting the canonical hierarchy of recruitment of PcG
proteins in many PREs.

In mammals, genome-wide mapping of PcG proteins shows a strong correlation with

19



CpG hypomethylated regions (CGIs) [Boyer et al., 2006, Tanay et al., 2007]. Further-
more, an artificial CG enriched region devoid of TF binding sites has been shown to
ectopically recruit PcG proteins, suggesting that CGIs represent mammalian PREs [Far-
cas et al., 2012, Mendenhall et al., 2010, Riising et al., 2014]. The transcription status at
CGIs is also related to PcG recruitment, as global inhibition of transcription leads to ec-
topic recruitment of PcG proteins to silenced CGIs [Riising et al., 2014]. PcG proteins in
mammals have also been found at transcriptional start sites of developmental regulators
[Boyer et al., 2006, Lee et al., 2006]. Another factor related to regulation of PcG recruit-
ment in mammals is long non-coding RNAs (lncRNAs). XIST RNA has been shown to
be involved in the recruitment of PcG proteins to the inactivated X chromosome [Plath
et al., 2003]. Other lncRNAs have been shown to recruit PcG proteins to Hox locus in
humans and mouse [Rinn et al., 2007], or to be involved the targetting of PcG proteins
to imprinted loci [Pandey et al., 2008].

1.3.3 PcG proteins and 3D architecture

PcG proteins act to repress their target genes at several levels. PRC1 complex proteins
modify chromatin structure at the nucleosome level both in mammals and Drosophila
[Shao et al., 1999, Francis et al., 2004, Francis et al., 2001, Yuan et al., 2012, Lau et al.,
2017], causing nucleosome compaction that inhibits remodeling by TrxG group proteins
and rendering chromatin inaccessible to transcriptional machinery [Shao et al., 1999]. In
mammals, PRC2 components have been also shown to compact chromatin [Margueron
et al., 2008, Terranova et al., 2008]. Furthermore, they deposit the H3K27me3 mark,
that can block the deposition of antagonizing acetylation marks, interfering with the
recruitment of RNA Pol II [Chopra et al., 2011]. In addition to modifying chromatin
compaction, PRC2 can also bind H3K27me3 [Margueron et al., 2009], suggesting a co-
operative state between PRC1 and PRC2 in chromatin condensation. At the TAD level,
PcG bound domains display a more compact architecture with respect to active or black
regions, both in Drosophila and mammals [Boettiger et al., 2016, Kundu et al., 2017].
At this level, PcG proteins are required to form specific topologies, such as looping in-
teractions between specific elements [Lanzuolo et al., 2007, Comet et al., 2011, Tiwari
et al., 2008]. In Drosophila, the first evidence of physical interactions between PREs
came from the measurement of contacts between inserted transgenes containing PREs
[Bantignies et al., 2003, Vazquez et al., 2006] and the study of long range interactions in
the BX-C [Lanzuolo et al., 2007]. Other binding sites of PcG proteins undergo specific
looping involving gene promoters, cis-regulatory elements, and PREs, and these interac-
tions contribute to domain compaction and gene repression [Eagen et al., 2017, Ogiyama
et al., 2018]. Mutation in PREs, or insertion of insulator elements between looping PREs
can affect repression, without loss of PcG binding [Ogiyama et al., 2018], highlighting
the link between structure and function. Furthermore, deletion of PRC1 components in-
duces chromatin decompaction prior to ectopic gene expression at the Bithorax complex
in Drosophila [Cheutin and Cavalli, 2018]. Interactions between PcG bound regions have
also been observed within mammalian TADs, for example in Hox clusters or the GATA-
4 locus [Ferraiuolo et al., 2010, Tiwari et al., 2008]. These interactions are dependent
on EZH2, and the transcriptional status of the interveining genes. The architecture of
PcG TADs in mammals has also been shown to be dependent on PRC1 components,
particularly PH [Kundu et al., 2017]. The architecture of these domains changes during
development, following the changes in PRC1 binding.
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Figure 6: Long range looping between Abd-B (red spot) and Antp (magenta spot) genes in Drosophila S13-S14 embryos.
In the head (Head, upper row on image), where they co-repress, these genes were observed to be spatially close in space,
inside of PcG foci (green foci). In tissues where one of them is repressed, but not the other, the active gene loops out of
PcG foci (see Posterior, lower row on image). Image adapted from [Bantignies et al., 2011]

At the chromosomal level, PcG domains have been observed to form long-range in-
teractions between PcG foci in Drosophila embryos and in mouse [Bantignies et al.,
2011, Schoenfelder et al., 2015, Bonev et al., 2017] (figure 6). This behaviour is believed
to help reinforce repression of PcG targets, since the mutation of one of the interacting
partners affects the repression state of the other [Bantignies et al., 2011]. PcG domains
undergo Mb level interactions between Hox gene clusters [Bantignies et al., 2011, Tolhuis
et al., 2011]. PcG proteins, in particular Pc and Ph, are required for the establishment
of these interactions. In mammalian ESCs, PRC2 component Eed has been shown to
be required for long range interactions between PcG targets separated by tens of Mb
or in different chromosomes [Denholtz et al., 2013, Vieux-Rochas et al., 2015], including
non-Hox and Hox genes. Finally, RING1B plays a major role in establishing long range
interactions between promoters of PcG regulated genes in mESCs [Schoenfelder et al.,
2015].

Given the evidence of inter-domain interactions, PcG domains were proposed to form
repressive hubs represented by PcG foci [Delest et al., 2012, Bantignies and Cavalli,
2011, Isono et al., 2013]. Indeed, the disruption of the polymerization activity of Polycomb
subunits in Drosophila leads to the loss of clustering between loci, both at the intra-TAD
and the inter-TAD levels [Wani et al., 2016]. This phenomenon is also observed upon
deletion of a single PcG subunit [Bantignies et al., 2011]. Recently, mammalian PcG-
mediated long-range interactions were proposed to involve liquid-liquid phase separation
(LLPS) [Plys et al., 2019, Tatavosian et al., 2019, Seif et al., 2020]. More research is
needed to test this hypothesis.

1.4 Chromatin architecture during early development

All animals start their life as a single cell, the fertilized egg. This cell divides or cleaves
to form smaller cells, that organize as an external layer, known as ectoderm (precursor of
epidermis and nervous system). During development, cells move towards the interior of
the embryo to form the endoderm (precursor of gut and internal organs). Other groups
of cells occupy the space between the ectoderm and endoderm, forming the mesoderm
(precursor of muscles, connective tissues and other components). The transformation of
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a hollow body of cells, known as the blastula, into and organism with a gut is called
gastrulation.

During the blastula phase, the embryo’s development switches from being directed by
maternally-deposited RNAs, to being controlled by the zygotic genome. This is known
as Maternal to Zygotic transition, and is characterized both by Zygotic Gene Activation
(ZGA), and degradation of maternal products.

These developmental process are accompanied by changes in genome architecture.
Hi-C data on mouse spermatozoa showed that TADs, loops and A/B compartments are
similar to those in somatic cells [Battulin et al., 2015, Jung et al., 2017, Du et al., 2017, Ke
et al., 2017]. The differences observed arise from differences in compaction (spermatozoa
display a tighter packaging) and in cell-type specific looping [Battulin et al., 2015, Du
et al., 2017, Ke et al., 2017]. TADs are present in early germinal oocytes (transcrip-
tionally active), but they vanish in mature oocytes (transcriptionally inactive) [Ke et al.,
2017, Flyamer et al., 2017, Du et al., 2017]. Mature oocytes also lack compartments,
showing that the genome is largely unstructured before fertilization [Ke et al., 2017, Du
et al., 2017]. After fertilization, there are two stages of domain formation at the 2-cell
(major ZGA) stage and the 8-cell stage. At the 2-cell stage, both maternal and paternal
genomes are organized in different manners, showing parentally-biased preformed do-
mains [Collombet et al., 2020, Ke et al., 2017, Du et al., 2017]. Maternal genome displays
most of the called domains at the 1-2 cell stages [Collombet et al., 2020], while paternal
domains are present in lower numbers at 1-2 cells stages, and gradually appear as the
embryo develops towards the 8-cell stage. However, compartmentalization of paternal
domains is much stronger than maternal compartmentalization [Flyamer et al., 2017, Du
et al., 2017, Ke et al., 2017]. These early parent-specific domains coincide with the de-
tection of H3K27me3 histone marks, and with parentally biased gene expression. Later
on development, TADs gradually appear from the 8-cell stage [Ke et al., 2017, Du et al.,
2017].

In Drosophila, TADs appear at the ZGA step and seem to be independent of tran-
scription [Hug et al., 2017]. Inhibition of transcription does, however, impact inter-TAD
insulation. The transcription factor Zelda is required for locus-specific TAD insulation,
showing a role of this factor in the establishment of chromatin architecture. At higher
scales, long range contacts increase during development, and are mediated both by the
GAF insulator and by PcG proteins [Ogiyama et al., 2018]. Compartmentalization of
chromatin that shares the same epigenetic marks happens at different developmental
times, and active and PcG repressed compartments are not well separated early in devel-
opment [Ogiyama et al., 2018]. This was also observed before in human cells, where A-B
compartmentalization varies during development, and may reflect a high degree of chro-
matin switching between compartments [Dixon et al., 2015]. Another factor involved in
early establishment of compartments is HP1 [Zenk et al., 2021]. In early Drosophila em-
bryos, reduced HP1 binding leads to loss of clustering and de-condensation of constitutive
heterochromatin, affecting the Rabl configuration of chromosomes and B-B compartmen-
talization.

1.5 Techniques to dissect chromatin organization: chromosome
conformation capture techniques

The understanding of chromatin organization underwent a revolution in the last two
decades, thanks to developments in molecular biology, sequencing, and microscopy. In
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this section, I’ll describe the most important techniques that were developed.

Figure 7: Chromosome conformation capture techniques. All of these techniques share the same first steps: crosslinking
of chromatin interactions, DNA digestion using restriction enzymes, ligation of the fragments that are in close spatial
proximity and reverse crosslinking. In 3C, the interacting regions are detected with specific primers over the region of
interest. In 4C, a second round of digestion and ligation creates a circular DNA molecule, which is amplified by PCR using
primers specific to the anchor sequence. The resulting PCR products are detected by microarray or sequencing. 5C consists
in the detection of all pairwise interactions between several regions of interest. Ligation products are hybridized with oligos
specific to the ligation site that are further amplified by PCR and sequenced. In Hi-C, the ends of the DNA fragments
are filled with biotin, decrosslinked, DNA is sheared, and biotin is pulled down. The fragments are then sequenced. Image
adapted from [Wit and Laat, 2012].

1.5.1 3C

Chromosome conformation capture (3C) is based on the cross-linking of pairs of genomic
loci that are physically close, to obtain contact probabilities between them [Dekker et al.,
2002]. The technique consists in the formaldehyde fixation of nuclei, which cross-links
DNA and proteins. DNA fragments that are close are linked by their DNA-binding pro-
teins. Then chromatin is digested using a restriction enzyme that cuts DNA at specific
sites. The selected enzyme defines the resolution of the 3C experiment, because it de-
termines the size of the fragments by the frequency of enzymatic sites. The cross-linked
fragments are then diluted and ligated at low concentrations using a ligase (favouring
intra-molecular ligation over inter-molecular ligation). The resulting DNA junctions are
then quantified by qPCR [Hagège et al., 2007], using locus-specific primers. Genomic
loci that are frequently close in space are detected at higher frequencies than loci that
are far away. This technique was first used in 2002, to map chromatin interactions in
yeast chromosome III [Dekker et al., 2002]. Then 3C allowed mapping interactions be-
tween functional elements, like the formation of active chromatin hubs [Tolhuis et al.,
2002], enhancer-promoter interactions in vivo [Tolhuis et al., 2002, Vernimmen et al.,
2007], interactions between gene promoters and PREs, and PRE-PRE interactions in
Polycomb-bound domains [Lanzuolo et al., 2007], or interactions between insulator ele-
ments [Lanzuolo et al., 2007, Comet et al., 2011]. The 3C technique further increased
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the evidence of correlations between chromatin conformation and gene regulation.
Long range interactions occur at low frequencies, making their detection difficult by

3C. Coupling 3C with microarrays, and later to next generation sequencing (NGS) led to
the development of novel techniques known as 4C, 5C and Hi-C.

1.5.2 4C

4C allows to map contacts between one loci of interest and all other loci. Briefly, in 4C
the ligated 3C molecules are cut with a second round of DNA digestion and ligated again
to create small DNA circles. Some of them contain the 3C ligation junctions. These
circles are then amplified by inverse PCR using specific primers for the desired anchor.
The amplified products contain all sequences contacting this site of interest. They can
then be analyzed by microarrays or high-throughput sequencing. Since it’s development,
4C was used to obtain several important results. It was applied to get contact maps of
the β-globin and Rad23 genes, which showed that active and inactive genes form both
intra and inter chromosomal contacts with genes in the same transcriptional state [Si-
monis et al., 2006]; to the study of enhancer-promoter interactions [Lomvardas et al.,
2006, Ghavi-Helm et al., 2014]; the detection of interaction networks of PcG repressed
Hox genes in Drosophila or active mouse globin genes in erythroid tissues [Bantignies
et al., 2011, Tolhuis et al., 2011, Schoenfelder et al., 2010]; to study the genomic environ-
ment of the HoxB1 gene during the induction of its expression, showing that it displays
both intra and inter chromosomal contacts, and that inter chromosomal contacts become
more frequent upon induction [Würtele and Chartrand, 2006]; the changes in Hox gene
domain organization, showing that they’re organized as single domains when repressed,
but change into a bimodal 3D organization when parts of the locus become active, sep-
arating them from the region that is still repressed [Noordermeer et al., 2011, Andrey
et al., 2013].

1.5.3 5C

Both 3C and 4C proved crucial to understand chromatin organization. However, they
both measure interactions from a specific anchor. A technique that partially overcomes
this limitation is 5C [Dostie et al., 2006], that allows to detect interactions between mul-
tiple sequences. First, a regular 3C library is obtained. This 3C template is hybridized
to a mix of oligonucleotides, that are designed to overlap a different restriction site in
the genomic region of interest. Each oligo carries one of two primer sequencies at their 5’
ends. Oligonucleotides that correspond to interacting fragments are ligated together after
hybridization to the 3C library. Then, this ligated oligos can be simultaneously amplified
via PCR, and read using microarrays or high-throughput sequencing. 5C does not only
allow the detection of specific looping interactions, but also enables the construction of
interaction matrices, where the contact frequencies of ”many vs many” genomic loci can
be assessed. 5C has been used to study the organization of Hox clusters in humans and
mouse [Rousseau et al., 2014a, Wang et al., 2011], and to show that different classes of
architectural proteins maintain constitutive and transient chromatin contacts in mouse
embryonic stem cells and neural progenitor cells [Phillips-Cremins et al., 2013]. 5C was
also used to identify TADs in the X chromosome [Nora et al., 2012], and helped under-
stand the human HoxA locus conformation using a machine learning approach allowing
the detection of different leukemia cell subtypes [Fraser et al., 2009, Rousseau et al.,
2014b].
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1.5.4 Hi-C

Next generation sequencing also led to the development of a genome-wide, ”all vs all”
technique called Hi-C [Lieberman-Aiden et al., 2009]. The 3C protocol is modified in
the following manner. Before ligation, restriction sites are filled with biotin-labeled nu-
cleotides. DNA is then purified, sheared, and a biotin pull-down is performed to ensure
that only ligation products are kept for analysis. Using sequencing, reads are mapped
back to the genome, and used to construct a matrix of ligation frequencies between all
fragments in the genome. The first use of Hi-C confirmed the existence of chromosome
territories in human cells, and the compartmentalization of chromatin into ”A” gene-
rich compartments, and ”B” repressed chromatin compartments [Lieberman-Aiden et al.,
2009]. Later work identified the existence of regions characterized by high frequencies of
interaction called Topologically Associating Domains, or TADs. [Sexton et al., 2012, Nora
et al., 2012, Dixon et al., 2012, Hou et al., 2012]. TADs were described in greater detail in
section 1.2.3. Using a modified protocol in Drosophila, it was also shown that chromatin
organization overlaps with epigenomic domains [Sexton et al., 2012], leading to the clas-
sification of TADs into four main types: active, Polycomb, heterochromatin and black
(without any specific mark). Further developments of Hi-C allowed single-cell detection,
which was used to reveal the heterogeneity of contacts in individual cells, reflecting a
dynamic chromosome organization [Nagano et al., 2013, Stevens et al., 2017, Flyamer
et al., 2017, Nagano et al., 2017, Tan et al., 2018]. Overall, these techniques provided
further evidence of the relationship between gene activity and chromatin 3D organization.
However, sequencing-based methods have a number of limitations: I) traditionally, they
can only measure pairwise contacts and average conformations; II) They provide relative
contact frequencies, making it difficult to know how often do interactions really occur;
(III) They do not provide access to physical measurements, such as distances between
loci, 3D shapes, or volumes; (IV) They do not provide information on nuclear localization.
These limitations can be overcome by novel microscopy methods that we will explore in
the following section.

1.5.5 Micro-C

Hi-C resolution is limited to around 1 Kb by the restriction enzymes used, and the se-
quencing depth. Resolution of C-based maps was improved by a novel technique called
Micro-C [Hsieh et al., 2015], which fragments chromatin without restriction enzymes.
Instead, a micrococcal nuclease is used, leading to chromatin fragmentation at the nu-
cleosome level. Micro-C was used to obtain high resolution maps of chromatin folding in
yeast [Hsieh et al., 2015], unveiling a tri- or tetra-nucleosome motif in chromatin fibers,
the presence of self associating domains similar to those present in other species, but
shorter than mammalian TADs, and that self associating domain boundaries occur at
promoters of highly transcribed genes and regions of rapid nucleosome turnover. In hu-
man ESCs and fibroblasts, Micro-C revealed thousands of newly identified loops, many
of which are localized along loop extrusion stripes, suggesting that their anchors are
weak pausing sites that slow or stall structural maintenance of chromosomes (SMC, co-
hesin) proteins movement [Krietenstein et al., 2020]. This also suggest that TADs are a
heterogeneous population of multiple transient loops. In mouse, Micro-C revealed that
TADs are segregated into fine-scale structures, consistent with microscopy studies that
show partitioning of TADs into nano-domains [Hsieh et al., 2020, Szabo et al., 2020].
Although Micro-C is a good technique to study local chromatin architecture, it is not as
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efficient as Hi-C to capture long-distance and inter-chromosomal contacts [Akgol Oksuz
et al., 2021]. Furthermore, it is still a method that is based on sequencing, so it keeps
many of the limitations previously described.

1.5.6 Other sequencing-based techniques

C-based methods have been useful for understanding chromatin architecture. As we
saw, they have some intrinsic limitations and bias. Other sequencing-based techniques
have also been developed to overcome some of them, in particular to overcome the fact
that C-methods: I) rely on formaldehyde crosslinking, that is limited when capturing
interactions of proteins with short residence times, or with few aminoacids that can be
crosslinked [Baranello et al., 2016, Gavrilov et al., 2015]; II) rely on ligation of fragments
before sequencing, which is not always efficient; III) depends on paired-end sequencing,
which does not capture multipartite interactions.

Genome Architecture Mapping (GAM) consists in the cryosection of nuclei, recovery
of the DNA present in each section, and sequencing. These procedure generates contact
maps based on the frequency at which DNA regions are found together in each of the
cryosections of different nuclei [Beagrie et al., 2017]. The technique recovers features
described by Hi-C, and also allows the detection of multi-way interactions between loci.
Another sequencing-based technique that was recently developed is SPRITE [Quinodoz
et al., 2018], where nuclei are crosslinked, isolated and fragmented; then crosslinked pieces
of chromatin are uniquely barcoded; after high-throughput sequencing is performed, and
reads carrying the same combination of barcodes represent genomic sites that are a part
of the same crosslinked cluster.

As these techniques are sequencing based, they keep many of the limitations previously
described. These limitations can be overcome with microscopy.

1.6 Techniques to dissect chromatin organization: Microscopy
techniques

Imaging has been historically crucial to study cellular organization, from the nanometer
scale of proteins, to the tens of micrometers occupied by entire cells.

1.6.1 DNA FISH

Fluorescent in Situ Hybridization, or FISH is a technique that started to be developed
from the 1960s. The technique consists in the hybridization of probes that are comple-
mentary to a genomic region of interest. The first in-situ hybridization of DNA used
radioactive labels to stain Xenopus cells [Gall and Pardue, 1969]. Soon after, fluorescent
labels replaced the radioactive ones, since they were more stable, easy to use and to de-
tect [Rudkin and Stollar, 1977, Bauman et al., 1980, Langer-Safer et al., 1982]. At that
time, probes were synthesized from cloned sequences from bacterial artificial chromosome
libraries or from polymerase chain reaction (PCR) on extracted genomic DNA. Fluores-
cent labels were added via the use of nick-translation probes with fluorescein-labeled
bases [Wiegant et al., 1991]. In recent years, new tools opened the way for synthetic
FISH probes that hybridize their targets with high coverage. Oligonucleotide libraries
(or oligopaints) are one of the most used labeling tools, since they offer the possibility
of detecting chromosomal regions from a few kilobases to full chromosomes [Beliveau
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et al., 2012, Beliveau et al., 2015, Beliveau et al., 2018]). A conventional FISH proto-
col is described below. For a full description, see section 4.5 in Materials and methods.
DNA-FISH comprise the following steps: First, samples are fixed with formaldehyde.
Then, usually a permeabilization step is performed to facilitate the entry of FISH probes
and thus increase the hybridization efficiency. After this, genomic DNA is denatured by
placing the sample at 80°C for 15 minutes (although this depends on the cells or tissues
being labeled). Finally, probes are added in a suitable buffer, and let at 37°C to hybridize
to genomic DNA. Several wash steps follow to remove unbound probes.

Since its implementation, DNA-FISH allowed the imaging of chromatin at different
scales. The simplest imaging method is the wide-field configuration. Diffraction of light
within the optical system poses a limitation into the resolution with which point sources
can be imaged. Theoretically, the image of a point source through an optical system is
described by an Airy pattern. However, experimental aberrations modify this theoretical
pattern. The real image of a point source through a microscope is called the point spread
function (PSF), and PSFs that overlap can not be resolved. The resolution of an optical
system is defined by the distance at which two point sources can be resolved in the im-
age plane. For several aplications, resolution may be a limitation, thus super-resolution
methods have been developed to improve it, and obtain finer details on chromatin sub-
structures. Importantly, multiplexed techniques have been recently introduced, allowing
the detection of several loci at once. These implementations and the main applications
will be discussed below.

1.6.2 Conventional Wide-field microscopy approaches

Conventional microscopy coupled to DNA-FISH demonstrated that CTs have a radial
distribution, with gene-rich, active regions oriented towards the nuclear center, and gene-
poor regions located towards the nuclear periphery [Croft et al., 1999, Boyle et al.,
2001, Cremer et al., 2003, Bolzer et al., 2005, Murmann et al., 2005, Küpper et al.,
2007, Goetze et al., 2007, Grasser et al., 2008]. Radial positioning can also depend on
chromosome size, at least in human fibroblasts [Bolzer et al., 2005]. This distribution is
not fixed, and changes during development and within a cell population [Mayer et al.,
2005]. Furthermore, Drosophila chromosomes adopt a polarised orientation, called Rabl
configuration, where centromeres and telomeres are located at opposite poles of the cell
[Hochstrasser et al., 1986, Marshall et al., 1996]. Imaging of CTs showed structures of
different shapes and sizes [Khalil et al., 2007, Küpper et al., 2007], while other studies
identified Mb-Sized sub-CTs structures, based on imaging of replication foci [Schermelleh
et al., 2001, Albiez et al., 2006, Malyavantham et al., 2008]. Use of DNA-FISH coupled
to conventional microscopy approaches provided important evidence to support the exis-
tence of topologically associating domains [Nora et al., 2012, Dixon et al., 2012, Sexton
et al., 2012].

Functional long range (LR) associations between distant foci have also been observed.
Active regions have been observed to cluster into RNA pol II foci, forming ”transcription
factories” [Jackson et al., 1993, Iborra et al., 1996, Osborne et al., 2004]. Also other func-
tional LR interactions were identified, notably between PcG loci that colocalize into PcG
bodies, believed to reinforce repression [Bantignies et al., 2011]. Conventional microscopy
has also been used to study homologue pairing. In Drosophila, homologous chromosomes
remain paired during a large part of embryonic development. A DNA-FISH based, high-
throughput screening technique as used to identify genes involved in homologous somatic
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pairing [Joyce et al., 2012]. Identified genes were classified into ”pairing-promoting genes”
and ”anti-pairing genes”, showing that this process can be enhanced or antagonized.

Conventional microscopy is one of the most important techniques that help us un-
derstand chromatin organization. However, it has some limitations, mainly throughput
and resolution. The number of colors that can be imaged simultaneously is limited to 3-4
due to overlapping emission spectra, limiting the number of loci that can be detected at
once. The second limitation is resolution. Typically, the resolution limit of conventional
microscopes ranges between 200 and 300nm, depending on imaging wavelength, numeri-
cal aperture of the microscope and the optical system itself. In the following subsection,
I’ll describe super-resolution techniques, that tackle this latter limitation.

1.6.3 Super-resolution microscopy

A huge challenge in microscopy has been to increase the resolution limit of conven-
tional microscopy, developing new techniques collectively known as super-resolution mi-
croscopies (SRM). Here I’ll focus in two SRM techniques, known as Structure illumination
microscopy (SIM) and Single-Molecule localization microscopy (SMLM), and I’ll describe
relevant findings using these techniques.

1.6.4 Structured illumination microscopy

One way to improve the resolution limit is to use a widefield configuration, with a movable
diffraction grating in the excitation path. Zero-order or first-order diffracted laser beams
are let to reach the objective. These laser beams interfere with each other at the focal
plane, creating sinusoidal alternating intensity maxima and minima of illumination. The
overlap between the high frequency (physically close) organization of the sample and the
high frequency of the illumination stripes creates a pattern of lower frequency which is
well collected by the objective. This pattern is known as a Moiré pattern. By acquiring
several raw images, each with a different orientation and phase of the excitation pattern,
allows the reconstruction of a super-resolved image. SIM allows for a 2-fold increase in
resolution in each axis, leading to a total 8-fold increase in 3D resolution with 3D-SIM,
with respect to conventional microscopy [Gustafsson, 2000, Gustafsson, 2005, Gustafsson
et al., 2008] (figure 8).

Using this technique, several interesting features have been observed. One of the
first studies that used 3D-SIM imaged chromatin and nuclear pore complexes (NPC) at
the same time, observing that chromatin forms a fibrous structure with heterochromatic
condensed regions close to the nuclear envelope. But the novelty of super-resolution
was to show that DNA is excluded from NPCs, creating chromatin-free channels under-
neath them [Schermelleh et al., 2008]. This is a feature that could not be observed with
conventional techniques.

More recently, 3D-SIM was used to measure the contact frequencies between TADs
borders in Drosophila, showing that genome organization is not formed by stable long-
lived interactions, but rather by transient low-frequency contacts, modulated by different
organization levels and cell types [Cattoni et al., 2017]. 3D SIM was also recently used
to show that chromatin is organized in discrete nano-compartments in single cells that
correspond to repressed TADs [Szabo et al., 2018], which are separated by active domains.
These compartments interact preferentially with compartments of the same epigenetic
type. Another application of the 3D-SIM revealed that mammallian TADs are divided
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into small chromatin domains, termed chromatin nano-domains (CNDs) [Miron et al.,
2020, Szabo et al., 2020].

Figure 8: Scheme of SIM microscopy. The sample is illuminated with different illumination patterns. The obtained images
are analysed by Fourier transformation to reconstruct the final image. Lateral and axial are improved by a factor of two
in each axis, giving an 8-fold volumetric resolution increase. Image adapted from [Jerkovic´ and Cavalli, 2021]

1.6.5 Single-Molecule Localization Microscopy

As mentioned above diffraction within the microscope limits the spatial resolution achiev-
able by conventional microscopes. Thus, fluorophores that are closer than the diffraction
limit of light can not be resolved because their PSFs overlap. But if the emission from
each fluorophore can be acquired at different times, then the position of each fluorophore
could be determined by locating the center of the PSF of each fluorophore with high
accuracy [Yildiz et al., 2003]. Several methods were developed where fluorophore pho-
tophysics are used to temporally separate the emission of fluorophores, including pho-
toactivated localization microscopy (PALM, [Betzig et al., 2006]), and stochastic optical
reconstruction microscopy (STORM, [Rust et al., 2006]). Super-resolution is achieved
via photoactivatable proteins are reversibly/irreversibly turned on (PALM), or via the
reversible stochastic photoswitching properties of organic dyes in the presence of a re-
ducer in an oxygen-depleted medium. Other variations of these concepts were introduced
since, but we will not review them here as it is not within the scope of this introduction.
For simplicity, techniques relying on the principles highlighted above are called single-
molecule localization microscopies (SMLM). In SMLM, images are acquired in widefield
configuration and thousands of image frames are acquired, from where the positions of
the fluorophores are determined. Single-molecule localizations are assembled into a single
reconstructed image to obtain the final super-resolved image (figure 9). These techniques
allow for a localization precision of 10-30 nm in XY and 10-75 nm in Z, that can be
improved using brighter probes [Sydor et al., 2015].

SMLM techniques were used to study several features that were not accessible to con-
ventional microscopies. Using 3D-STORM, chromatin of different epigenetic states was
imaged [Boettiger et al., 2016]. This revealed different folding properties between active,
inactive and PcG chromatin. Active chromatin was the more decondensed structure,
while PcG repressed chromatin was the most condensed. Also, PcG repressed chromatin
was shown to physically segregate from active chromatin. A second study used immuno-
labeling of active and repressed marks (H3K4me3 and H3K27me3 respectively) combined
with dSTORM (direct STORM, which uses conventional fluorescent dyes), to show that
epigenetic marks form discrete nano-compartments and that these active and repressed
compartments are strictly segregated in single cells [Cattoni et al., 2017]. At smaller
scales, nucleosomes were found to form heterogeneous clutches separated by nucleosome-
depleted regions [Ricci et al., 2015]. PALM and STORM were also combined with live-cell
imaging to understand the dynamics of DNA in vivo [Benke and Manley, 2012, Nozaki
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Figure 9: Basic sheme of SMLM microscopies principle. Imaging a biological structure (yellow circle) with a conventional
difraction-limited technique gives a blurred image. However, imaging the same structure in a time-separated manner where
only a subset of the fluorophores is lighten up at each frame allows to obtain a high resolution image. Image adapted from
[Khater et al., 2020]

et al., 2017]. Nucleosomes form compact domains of 160 nm diameter that move coher-
ently. Consistent with other observations, heterochromatin moves less and is formed by
more domains [Nozaki et al., 2017].

Super-resolution techniques proved useful to better understand chromatin organiza-
tion. However, an important remaining limitation is the number of colors that can be
imaged simultaneously (typically 2-3). This is an important issue, as it limits the number
of genomic loci or epigenetic marks that can be imaged at any one time. In the following
section, I’ll describe a novel microscopy technique called Hi-M, that couples oligopaint
technology with microfluidics, to overcome the limitation in the number of loci that can
be imaged. During the first year of my thesis, I participated in the development of the
technique in my host lab.

1.6.6 Hi-M

Visualization of several (more than two) genomic loci is necessary to better understand
the relationship between chromatin architecture and gene expression. For instance, to
see if specific promoter-enhancer configurations lead to active transcription. For this, we
would need a microscopy technique that: (I) allows the localization of multiple genomic
loci at the same time in single cells with genomic specificity (that is, knowing to which
loci do detected spots correspond to); (II) maintains the spatial information of where each
loci is within the nuclear volume and within the organism (e.g. embryo); (III) can be
combined with RNA-FISH to monitor the transcriptional state of each cell being imaged
so that chromosome architecture and transcriptional state can be linked in single cells.
Recently, we developed Microscopy-based chromosome conformation capture, or Hi-M
[Cardozo Gizzi et al., 2019, Cardozo Gizzi et al., 2020], an imaging method that uplifts
these limitations (figure 10).

Hi-M uses Oligopaints-FISH to generate primary oligonucleotide libraries that target
multiple genomic loci at once. Each oligonucleotide in a primary library contains two
regions: a region of homology complementary to the genomic region being targeted; and
a tail encoding several repeats of a locus-specific readout sequence. This sequence can
be hybridized to a complementary, fluorescently-labeled oligonucleotide that is delivered
with a microfluidics device and is used to image the 3D spatial location of the locus being
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labeled. By performing this process sequentially, one can image the 3D location of as
many loci as imaging rounds. Similar methods were also used by other groups [Wang
et al., 2016, Bintu et al., 2018, Nir et al., 2018, Mateo et al., 2019]. These techniques are
extremely useful because of their ability to image multiple (20-100), small ( 1kb) genomic
loci with nanometer resolution. Furthermore, Hi-M can be combined with RNA-FISH,
immunostaining, and imaging of chromatin marks to retrieve multi-omics datasets with
spatial information.

Figure 10: Scheme of Hi-M experiment. Briefly, oligopaints probes are hybridized to genomic DNA. The sample is placed
onto a microfluidics chamber. Then, using a microfluidics device coupled to a microscope, a solution containig the imaging
oligos is injected into the sample. The targeted locus is imaged, and then bleached. Then this process is repeated to image
all loci of interest. Image adapted from [Cardozo Gizzi et al., 2020]

Sequential hybridization methods proved crucial in the study of chromatin struc-
ture. One of the first sequential hybridization techniques was called MERFISH (from
Multiplexed Error-Robust FISH) [Chen et al., 2015]. MERFISH combined sequential
hybridization with combinatorial encoding and was used to detect 100 to 1000 different
RNAs, depending on the number of hybridization rounds and the type of encoding strat-
egy. This allowed the single cell measurement of the spatial distribution of different RNA
species and the identification of groups of co-varying genes that share common regulatory
elements.

The technique was quickly adapted by us and others to probe DNA architecture.
The first family of methods possessed low genomic resolution, was not able to detect
DNA and RNA at once, and was applied to human cell cultures. Wang et al imaged the
spatial organization of TAD centers in human cells at 100kb resolution, and showed that
TADs are organized in a spatially polarized manner in single chromosomes, consistent
with A/B compartmentalization of active and repressed chromatin [Wang et al., 2016].
A higher resolution version of this method was used to show that TAD-like structures are
present in single cells and form spatially segregated globular structures [Bintu et al., 2018].
Domain boundaries displayed high cell to cell variability, and were preferentially located at
CTCF and cohesin binding sites. This evidence supports the idea that TADs are physical
structures present in single cells, although their borders display cell to cell variation. A
variation of this method combined super-resolution microscopy with sequential imaging
to image eight TADs in human chromosome 19 [Nir et al., 2018] and observed that
homologous chromosomes are distinctly folded. Two very recent papers extended the
capabilities of sequential imaging techniques, combining the detection of thousands of loci
at the same time (both at the intra- and inter-chromosomal levels) with RNA trancsript
labeling and immunofluorescence-based approaches to label nuclear structures and histone
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marks [Takei et al., 2021, Su et al., 2020]. These promising techniques allow to measure
simultaneously chromatin architecture, transcription, nuclear structures and chromatin
states.

However, these previous early works were performed in cultured cells. This experimen-
tal system suffers from intrinsic heterogeneities: (1) single cells are not executing the same
transcriptional program, and (2) they are at different cell cycle stages. These intrinsic
heterogeneities makes it difficult to correlate 3D chromosome structure and function (e.g.
transcription). To further study how TAD structure changes in single cells and its relation
to transcriptional activity in a tractable biological system, Hi-M (Microscopy-based Chro-
mosome Conformation Capture) was developed (concomitantly with the development of
Optical Reconstruction of Chromatin Architecture, or ORCA). The ability of Hi-M to
detect both chromatin architecture and transcription is fundamental to be able to group
together cells with similar, specific patterns of gene expression. Hi-M has been first
used to study the relation between TAD structure and gene expression in full Drosophila
embryos [Cardozo Gizzi et al., 2019]. Using simultaneous DNA and RNA labeling, we
revealed that paired and unpaired chromosomes have equivalent architectures, but un-
paired chromosomes have a more decompacted folding. This was also observed using
haplotype-resolved Hi-C [Erceg et al., 2019]. In a second, more recent study, Espinola and
Gotz [Espinola et al., 2020] studied interactions between cis-regulatory modules (CRMs),
and their relation to transcriptional states. Using the dorsoventral patterning system of
Drosophila, they applied high resolution Hi-M (3kb genomic resolution) to study a TAD
containing three genes (doc1-3) displaying a similar dorsal pattern of expression. They
found that most intra-TAD loops involve CRMs, but strikingly, they do not depend on
transcriptional status [Espinola et al., 2020], suggesting that chromatin architecture plays
a double role in activation or repression. CRM loops are established in early develop-
ment, before the emergence of TADs and of transcriptional activation, and are dependent
on the pioneering factor Zelda. Studies using ORCA investigated the structural changes
in intra-TAD organization of the Bithorax Complex (BX-C) [Mateo et al., 2019]. This
study observed that cells displaying different expression patterns show differential TAD
organizations.

1.7 Polymer modeling of chromatin

DNA is a polymer, made of similar units or monomers (nucleotides) assembled together.
FISH and Hi-C experiments revealed that the decay of contact probability with genomic
distance follows a power law, and characteristic of polymers [Lieberman-Aiden et al.,
2009, Sexton et al., 2012, Finn et al., 2019, Cattoni et al., 2017, Cardozo Gizzi et al., 2019].
To better understand the physics of chromatin folding, several modeling approaches have
been developed in the last decade. Here, I’ll briefly describe the most common modeling
strategies used.

1.7.1 Early models: Fractal globule and Loop models

Early models considered chromatin as a homogeneous polymer, with identical monomers.
The dynamics is mostly described by thermal forces, the non-overlapping of monomers,
although other factors can be added to the model (for example, rigidity of the fiber or
non-specific interactions between monomers) [Jost et al., 2017]. One of the first mod-
elling strategies inspired by the power law decay of contact probability was the Fractal
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Globule model (FG) [Grosberg et al., 1993]. In this model, the polymer folds into small
globules that can in turn fold into larger gobules. Chromatin then folds hierarchically
without entanglement. Being un-knotted is an important requirement for models, since
fast folding and unfolding is essential for biological processes [Mirny, 2011]. On top of
these important characteristics (respecting power law for contact probability, being un-
knotted, and folding in a hierarchical manner), there are other properties that make FG
good candidates: (A) the lifetime of the FG conformation is long enough to remain stable
through the cell cycle; (B) its fractal nature explains the formation of chromosome terri-
tories; (C) protein diffusion is faster for FGs than for other models, and (D) it facilitates
the search of DNA binding proteins for their specific binding sites [Smrek and Grosberg,
2015]. However, the FG model does not describe accurately some known phenomena: it
does not account for chromatin compartmentalization, and observed contact probabilities
decay do not always follow the FG exponent (-1).

Another early model is known as Loop Model (LM) [Münkel and Langowski, 1998,
Münkel et al., 1999]. This family of models consist in the cross-linking of the polymer
chain into loops, and then into the arrangement of those loops into compartments. This
model reproduces the organization of chromatin into chromosome territories, and the
physical distances measured by FISH. Based on the detection of loops using ’C’ tech-
nologies, several kinds of loop based models were developed [Bohn et al., 2007, Mateos-
Langerak et al., 2009], that succesfully predicted chromosome territories, the preference
of inactive regions to locate near the nuclear envelope, TAD formation, and higher com-
paction of heterochromatin [Ganai et al., 2014, Kim et al., 2011, Bohn and Heermann,
2011]. However, the sizes of those loops are limited, thus they do not account for large
scale compartmentalization.

1.7.2 Strings and Binders Switch Model (SBS)

More recently, a new family of models emerged. One example is the ’strings and binders’
(SBS) model [Nicodemi and Prisco, 2009, Barbieri et al., 2012]. In this model, chromatin
is considered as a self-avoiding polymer chain of beads (figure 11). The beads interact
with diffusing molecules, called ”binders”, that are present in solution at a given con-
centration c. Binders can bridge pairs of beads and form loops, driving the folding of
the chain. This interaction has an energy Eint. Different phases (conformations) exist,
according to the values of these two degrees of freedom, Eint and c. Basically polymer
conformations can be divided in a coil (open) conformation, and a globule (closed) con-
formation. Phase diagrams for the SBS model show both coil and globule conformations.
A line is separating those two states exists (that is, a line in the phase diagram separat-
ing two different phases, also known as θ line in the context of polymer phyisics), with
stable conformations only arising above this threshold (in coil regime, the polymer is
open and randomly folded). TAD formation was correctly reproduced by this model, and
required two types of binding sites in the polymer [Barbieri et al., 2012, Barbieri et al.,
2013, Chiariello et al., 2016].

In the SBS model, several parameters can be tuned, for example, the types of number
of binding sites and binders, and the affinity between binders. Several studies exploited
this degrees of freedom to explain experimentally-observed data. In one study, adding
a third kind of binding sites correctly reflects the meta-TAD compartmentalization and
inter-TAD contacts in mammals, while maintaining TAD structure [Fraser et al., 2015a].
Another study used a similar SBS model to study DNA architecture in the mouse alpha
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Figure 11: Schematic representation of the SBS model. Chromatin is represented by a self avoiding polymer, represented
by n beads. A fraction of those beads can interact with binders, and are called binding sites. Molecules can bind to more
than one binding site, forming loops. Image adapted from [Barbieri et al., 2012]

and β-globin locus [Brackley et al., 2016a]. By modeling interactions between proteins
and locations of DNase1 hypersensitive sites (DHSs), CTCF binding sites, and H3K4me1
regions, they successfully reproduced Capture-C data for this locus. The authors also
used a similar model with two kinds of binders interacting with euchromatin and hete-
rochromatin, successfully reproducing Hi-C data for a 12Mb region of human chromosome
12 [Brackley et al., 2016b].

Another application of the SBS model was to consider active genes and polycomb-
repressed genes in the mouse HoxB region [Barbieri et al., 2017], where the simulations
correctly predicted that genes in the same activation state are spatially close, as observed
via FISH experiments. They also explored the hypothesis that CTCF alone drives the
locus organization. Modeling predictions with CTCF-driven folding were not compatible
with their microscopy observations, suggesting that other factors are involved. These kind
of models were also applied to study the effect of structural variants in genome topology
[Chiariello et al., 2016, Bianco et al., 2018]. Deletions of TAD borders in the Xist locus
are known to increase inter-TAD interactions [Nora et al., 2012]. SBS modeling of this
region correctly recovers this behavior [Chiariello et al., 2016]. Furthermore, a model
that predicts the effects of deletions, inversions and duplications was proposed [Bianco
et al., 2018]. The accuracy of the model was confirmed using the Epha4 locus in mouse.
Overall, the SBS model correctly predicts chromatin architecture at scales up to a few
Mb. However, it still does not predict folding at larger scales, for example, reproducing
compartment formation.

1.7.3 Block Copolymer models

In Block Copolymer models [Jost et al., 2014], chromatin is fragmented into ”beads”
of a certain size (figure 12). These beads can display attractive interactions between
each other, based on the epigenetic signature that they represent. Thus, bead interac-
tion depends on the local epigenetic state, and this introduces a non-mixing between
monomers of different state. The dynamics is driven by epigenetic attractive interactions
and bending stiffness of the chain.

An application of the model was done using 120 beads. Each bead represents 10Kb of
chromatin, so the model describes regions of approximately 1Mb. The model considers
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two types of interactions: (i) non-specific interactions with energy Uns between every pair
of monomers that accounts for compaction effects due to confinement into the nucleus;
and (ii) specific attractive interactions with energy Us between monomers having the
same epigenetic state. Hence the total energy can be written as Emn = Uns + δmnUs with
δmn = 1 if monomers m and nhave the same epigenetic state, or δmn = 0 if they have
different epigenetic states.

Figure 12: In Block Copolymer models, chromatin is modeled as a self-avoiding bead chain, each bead representing a
portion of DNA (usually of some Kb in length. The polymer is divided in beads of diferent epigenetic states. In this
picture, yellow represents active chromatin, green represents constitutive heterochromatin, blue represents PcG-bound
chromatin, and black represents black chromatin. Image adapted from [Jost et al., 2014]

This model shows a phase diagram in which chromatin can exist in four different
states. First, for weak interaction energies and low specificity, we have the coil regime,
where the chain has an extended chain conformation. If interaction energy (compaction)
is increased at low specificity, the chain undergoes a θ-collapse transition to a globule
compact phase. For strong compaction and specificity, a checkerboard-like contact map
is observed. This is characteristic of microphase separation where monomers of the same
epigenetic state are packed into distinct separated domains. Microphase separation is
a phenomenon generated by block copolymers composed of incompatible chemical com-
ponents, where they tend to spontaneously form separated structures with microscopic
length scales. Between coil and microphase separated regions there is a region of multi-
stability, where the equations governing the system have multiple fixed points depending
on initial conditions. These solutions represent intermediate configurations between the
coil and micro-phase separated state. At this scale, multi-stable solutions represent a
state in which epigenetic domains collapse internally, but are isolated from each other,
forming TADs.

Another block copolymer model was established, in which no interactions were present
between euchromatin, but only attractive interactions between heterochromatin were
present [Ulianov et al., 2016]. In this case, a key role for euchromatin in the formation of
TADs was found, in accordance with experimental data. Other models were proposed,
with three different kinds of chromatin: euchromatin, heterochromatin and constitutive

35



heterochromatin [Falk et al., 2019]. Tuning the intensity of inter and intra block inter-
actions, as well as interactions with the nuclear lamina, they were able to reproduce the
architecture of different single cells observed by imaging techniques. In another example
of modeling with block copolymers, chromatin was divided into two blocks of different
flexibility and thickness that correspond to 10nm and 30nm fibers [Florescu et al., 2016].
The objective of this study was to quantify how heterogeneous chromatin fibers affect
small and large scale structure. The authors showed limited effects of this chromatin com-
positions, below 10Kb scales, and in time-scales of the order of a few seconds. The block
copolymer model was also used to simulate the folding of a region of 20 Mb, reproducing
the formation of both TADs and compartments [Ghosh and Jost, 2018].

Another interesting model based on block copolymers in known as Living Chromatin
(LC) model [Jost and Vaillant, 2018], where monomers can be in one of three epigenetic
states: active, inactive or unmarked. Monomers can change their state from active to
inactive (or vice-versa) passing through the intermediate unmarked state. This model
takes into account the dynamical coupling between 1D epigenetic state and 3D folding.
LC model describes the formation of domains of active and inactive chromatin, and
describes the role of epigenetic features in the formation of TADs. In particular, an
interesting prediction of the model is that spatial compaction of the polymer enhances
domain epigenetic stability (which in turn enhances epigenetic state propagation, showing
an interplay between structure and function). This is consistent with the increase of local
concentrations of regulatory proteins (like PcG for example) due to physical proximity,
allowing distal interactions between domains of the same type.

Overall, block copolymer models were able to reproduce chromatin architecture at
different scales, being one of the most promising approaches to model chromatin folding.

1.8 Objective of this work

As discussed above, evidence suggest that PcG proteins associate together in single cells
to form PcG foci [Delest et al., 2012, Bantignies and Cavalli, 2011, Isono et al., 2013].
These foci are thought to be physical sites where chromatin is repressed [Lanzuolo et al.,
2007, Bantignies et al., 2011]. This suggests that genes within PcG TADs may associate
in single cells, forming repressive compartments containing multiple interacting partners.
The objective of my work is to test this hypothesis by studying the chromosome-wide
architecture of PcG TADs during Drosophila embryogenesis, with a method that restores
chromosome conformation while maintaining spatial information (thus enabling the study
of PcG domain architecture in different embryonic segments). For this, we adapted and
validated Hi-M to image multi-layered samples by resorting to a coupling of microfluidics
and a confocal microscope setup. We also collaborated with theoretical physicists to
implement polymer models and compared them to experimental data to understand the
mechanisms behind PcG chromatin organization.
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2 Results

In this chapter I present the results of our work, as a paper that is prepared for sub-
mission. For this work, the design and planning of experiments was done together
with my thesis supervisors. I performed the library design, choosing the target regions.
These selection was discussed with Fréderic Bantignies and Marcelo Nollmann. The oli-
gos DNA sequence was generated by Marcelo Nollmann, using the oligopaints website
(https://oligopaints.hms.harvard.edu/). They were mined using OligoArray [Rouillard
et al., 2003]. Together with Christophe Houbron, we amplified the library. I performed
Drosophila WT (NC14 and S15-S16) embryos recollection and fly handling. Together
with Frédéric Bantignies, we performed the PcXT109 mutant embryo collection. I per-
formed all Hi-M experiments, from labeling embryos with the primary library, to data
collection and deconvolution. The setup for confocal Hi-M imaging, as well as the wide-
field Hi-M setup were built by Jean-Bernard Fiche. I performed image analysis using
home-made MATLAB and Python software, coded by Marcelo Nollmann. Together with
Marcelo Nollmann, we coded Python scripts to analyse the data. Polymer simulations
were done by Jean-Charles Walter. Results were discussed by all authors. Figures were
made with crucial input from Marcelo Nollmann and Frédéric Bantignies. Giacomo Cav-
alli gave important input for data analysis and interpretation. The paper was written
together with Jean Charles Walter, Frédéric Bantignies and Marcelo Nollmann.
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Abstract

Polycomb group (PcG) proteins are transcriptional regulators with key roles in cell identity and
differentiation. PcG-bound chromatin regions are organized into repressive TADs, known as Polycomb
domains. In the nucleus, they segregate in PcG foci, where PcG target genes colocalize when
co-repressed. Evidence from microscopy and chromosome conformation capture techniques shows
that PcG targets tend to preferentially interact with each other, suggesting that they form repressive
compartments. However, little is known about the nature of these interactions, or if several PcG
genes are associated in 3D to form compartments. Here, we investigate the role of Polycomb group
proteins in the formation of repressive compartments during Drosophila development. We found
that Polycomb domains undergo low frequency, mostly pairwise interactions. Furthermore, polymer
modeling of chromatin shows that PcG domains behave as a microphase-separated polymer.
Simulations are highly consistent with experimental data. Our results extend the current knowledge
of Polycomb-mediated 3D chromatin organization.



Introduction

Chromatin is folded in a hierarchical, multi-level organization, ranging from nucleosomes to
chromosome territories. Chromosome conformation capture techniques revealed that at an
intermediate level, chromatin is organized in Topologically Associating Domains (TADs) (Dixon et al.
2012; Nora et al. 2012; Sexton et al. 2012; Hou et al. 2012). TADs can affect several biological
processes, like gene regulation (Cavalli and Misteli 2013; Andrey and Mundlos 2017). In Drosophila,
TADs are generally smaller than in mammals (median size of ~ 100 kb versus ~ 800 kb, respectively)
and tend to correlate with active and repressed chromatin marks (Sexton et al. 2012; Szabo,
Bantignies, and Cavalli 2019). Drosophila TADs are classified according to their epigenetic state into
active (associated with H3K4me3 and H3K36me3), heterochromatic (enriched in H3K9me2, HP1,
Su(var)), black (devoid of specific histone marks) and Polycomb repressed, enriched in H3K27me3
and bound by Polycomb group proteins (PcG proteins).

PcG proteins are conserved in most eukaryotic organisms. They mediate gene repression, and are
classified into two main complexes, PRC1 and PRC2. In Drosophila, PcG proteins are recruited to
specific sequences called Polycomb Response Elements (PREs) (Nègre et al. 2006) by a two-step
process (Wang et al. 2004) involving the deposition of H3K27me3 marks by PRC2, followed by
chromatin compaction by PRC1 (Francis, Kingston, and Woodcock 2004; Grau et al. 2011), a complex
that contains the chromodomain protein Polycomb (PC), and Polyhomeotic (PH). PcG target genes
are often contained within discrete PcG TADs (Sexton, 2012), which are characterized by a high
degree of compaction and intermixing (Boettiger et al. 2016; Wani et al. 2016). In single cells, PcG
TADs form discrete nano-compartments (Szabo et al. 2018) displaying a cell-type specific internal
organization that responds to the transcriptional state of its PcG genes (Mateo et al. 2019). PcG
proteins form discrete compartments (foci) in the nucleus, both in flies and mammals (Saurin et al.
1998; Buchenau et al. 1998; Bantignies et al. 2011). Genomically-distant PcG target genes can
physically colocalize within PcG foci when co-repressed (Lanzuolo et al. 2007; Bantignies et al. 2011).
Recent studies showed that mammalian PRC1 components can form phase-separated compartments
(Plys et al. 2019), suggesting that PcG genes within PcG TADs may coalesce in 3D to form
phase-separated condensates.

In Drosophila, PcG TADs tend to be spatially segregated from active domains (Boettiger et al. 2016;
Szabo et al. 2018), consistent with the formation of active and repressive compartments (Sexton et
al. 2012), and with the spatial separation of active and repressive marks in single cells (Boettiger et
al. 2016; Cattoni et al. 2017). Taken together, this evidence suggests that multiple PcG TADs may
often associate with each other in single cells to form PcG foci to reinforce gene repression.

Here, we tested this hypothesis by applying Hi-M, an imaging-based method that enables the
capture of chromatin conformations in single cells while preserving the spatial information within the
specimen (Cardozo Gizzi et al. 2019; 2020). We found that at the chromosomal scale the organization
of PcG domains can be well described by a microphase-separated polymer. In addition, PcG domains
rarely contacted each other, and most of these contacts involved only two PcG domains. Formation
of hubs involving more than two PcG domains was highly infrequent. Interestingly, the interaction
frequencies between PcG domains were enhanced in regions of the embryo where PcG target genes
were co-repressed or co-expressed, indicating that 3D physical proximity between Polycomb domains
may not only play a role at reinforcing repression but also in co-transcriptional activation.



Results

Chromosome-wide, simultaneous visualization of multiple Polycomb targets in single cells

To investigate the chromosome-wide organization of Polycomb targets, we focused on a ~15Mb
region of chromosome 3R (chr3R) displaying most long-range Polycomb contacts (Sexton et al. 2012;
Bantignies et al. 2011; Tolhuis et al. 2011). Within this region, we identified 19 genomic loci
displaying binding of all PRC1 components (PC, PH and PSC) (Fig. 1A and S1A). This included PcG
targets within the three large PcG TADs containing Drosophila’s hox genes: Bithrorax (BX-C),
Antennapedia (ANT-C) and NK-C, in addition to 8 smaller non-hox PcG-regulated target genes (Fig.
1A). Next, we used Hi-M, an imaging-based technology that we and others recently developed to
retrieve chromatin architecture in single cells while maintaining spatial context (Cardozo Gizzi et al.
2019; 2020; Mateo et al. 2019; Bintu et al. 2018; Takei et al. 2021; Su et al. 2020). Hi-M relies on the
sequential imaging of tens of distinct genomic loci labeled by oligopaint-FISH (Beliveau et al. 2012) in
intact Drosophila embryos (Cardozo Gizzi et al. 2019, 2020) (Fig. 1B, Fig. S2A). These methods were
previously used in samples with single cell layers (e.g. cultured-cells, Drosophila embryos before
gastrulation, or cryo-sections). Here, we coupled Hi-M to confocal imaging to be able to visualize the
3D localization of multiple Polycomb (Pc) target regions in multi-layered stage 15 - 16 (S15-S16,
12-16h of development) embryos without cryo-dissection (Fig. 1B).

The 19 Pc barcodes were sequentially hybridized to an oligopaint library, imaged, and bleached, as
described elsewhere (Cardozo Gizzi et al. 2020; see Materials and Methods and Fig. S2 for more
details). For each combination of barcodes, we built a pairwise distance distribution using the 3D
barcode localizations detected in the same cells (Fig. S2E). From these distance distributions, we
calculated the pairwise distance map and the proximity frequency map for wild-type S15-S16
embryos in a large number of cells (N=22243, 20 embryos, Fig. 1C, Materials and Methods). To
validate the method, we first compared the Hi-M proximity frequency matrix for S15-S16 embryos
(calculated with a contact threshold of T=250nm), with the publicly-available Hi-C contact matrix for
S16 embryos (Ogiyama et al. 2018) (Fig. S2D). Both matrices display a similar organization, notably
the presence of TADs and long-range interactions. To further test the robustness of the method, we
calculated the Pearson correlation between Hi-M proximity frequencies and Hi-C contact frequencies
as a function of proximity threshold and genomic distance (Fig. S2F). Hi-M and Hi-C data displayed a
high correlation for all genomic distances (p > 0.6) for contact thresholds equal or higher than 200
nm, thus we chose a proximity threshold of 250 nm to calculate proximity frequencies. To further
validate this choice, we calculated the Pearson correlation coefficient between Hi-M matrices
obtained with different proximity thresholds (between 100-400 nm). In all cases, the correlation was
high (p>0.9) (Fig. S2G).

Barcodes within large PcG TADs (ANT-C, BX-C and NK-C) displayed high proximity frequencies and
short pairwise distances (PWD) (Fig. 1C), consistent with previous observations in hox TADs (Lanzuolo
et al. 2007; Sexton et al. 2012; Mateo et al. 2019; Cheutin and Cavalli 2018). In addition, we also
observed long-range contacts between distant Hox TADs, such as BX-C and ANT-C), as expected from
previous Hi-C and microscopy reports (Bantignies, 2011; Sexton et al. 2012). Interestingly, long-range
interactions between other PcG targets were inhomogeneous, indicating that not all PcG targets have
the same probability to interact with each other (Fig. 1C). Notably some targets display a similar
mean pairwise distance, but different proximity frequencies (Fig. S2H).

Long-range contacts between Pc targets rely on PcG proteins (Bantignies, 2011). Thus, 3D proximity
should decrease in embryos lacking essential components of the PcG machinery. We tested this
hypothesis by performing Hi-M in homozygous Pc mutant embryos. These embryos showed a loss of
3D proximity both at short-range (within hox TADs, Fig. 1D, yellow arrow) and at long-ranges (e.g.



between distant Pc barcodes, Fig 1D, green arrow), indicating that 3D proximity between Pc barcodes
requires PcG proteins.

Next, we reasoned that long-range 3D proximity between Pc barcodes should be reduced before the
establishment of Polycomb repression programs during development. To test this, we imaged the
organization of Pc barcodes in nuclear cycle 14 (NC14/stage 5) embryos. Interestingly, barcodes
within hox TADs were already proximal in this early developmental stage (Fig. 1E, black boxes).
However, long-range proximities between Polycomb barcodes were drastically depleted (Fig. 1E,
white dashed squares), consistent with the local organization of Polycomb targets into TADs
preceding the establishment of 3D long-range Polycomb contacts.

Polycomb targets display polymer micro-phase separation behavior

To shed light into the chromosome-wide organization of PcG targets, we resorted to a modeling
approach that implements a block copolymer (Jost et al. 2014) (Fig. 1F, Fig. S2I, and Methods). In
short, the chromosome was modeled by 866 beads with two possible identities: Polycomb or null
(i.e. not Polycomb). The size of beads in the simulation (20kb) was slightly larger than the genomic
size of Pc barcodes in our experiments (15kb). The genomic distribution of Pc beads mirrored the
location of PcG targets in chromosome 3R used in Hi-M experiments (Fig. 1A), with all intervening
beads labeled as null. The polymer displays several different regimes depending on the interaction
strength between Polycomb monomers (defined as U): random coil (U < 0.65kBT), θ-like polymer (U
~ 0.65 kBT), and an equilibrium globule (U > 0.65 kBT) (Fig. S2I) (Lieberman-Aiden et al. 2009; Mirny
2011; Halverson et al. 2014). In the random coil regime, the proximity frequency PC between
monomers separated by a genomic distance s scales as PC ~ s-3𝜈 where 𝜈 ~ 0.588 is the Flory exponent
of a (non-interacting) self-avoiding polymer (Fig. 1G, grey solid curve). In the globule regime, beads
attract each other and the contact probability between monomers scales as PC ~ s-3/2 before reaching
a plateau at genomic distances corresponding to the boundary of the globule (Fig. 1G, green curve).
The θ-like polymer represents an intermediate regime where the attractive interactions between
beads compensate exactly for the swelling due to self-avoidance, leading to Gaussian statistics with
contact probability between monomers scaling as PC ~ s-3/2 at all scales (Fig. 1G, grey dashed curve).
The θ-like transition (at U ~ 0.65 kBT) has to be considered with caution, due to the inhomogeneous
distribution of PcG beads: high density regions of PcG beads are already in the (equilibrium) globule
regime while regions of low PcG bead densities are still in the swollen coil regime (see Fig. 1F, θ-like
polymer). In the same line, the globule regime is displayed by PcG beads forming a compact object,
but null-beads can form loops escaping from it.

To determine the regime that best described the 3D folding of PcG targets in chr. 3R, we calculated
the proximity frequency as a function of genomic distance P(s). The experimental P(s) for S15-S16 WT
embryos decreases with genomic distances below ~1Mbp, then reaches a plateau at large genomic
distances (>1Mbp). Thus, the experimental data was best represented by an equilibrium globule (U =
0.9kT, Fig. 1G). The plateau in the curve is the signature of microphase separation, characteristic in
block copolymers (Nuebler et al. 2018; Khokhlov, Grosberg, and Pande 1994; Colby and Rubinstein
2003, Jost et al. 2014). In this regime, distant genomic loci come into contact to form limited-sized
microphase-separated domains, and distant PcG targets display a high degree of mixing (at short
physical distances, ≤ 250nm) (Naumova et al. 2013).

We then sought to determine which polymer folding regime best described the experimental P(s) for
NC14 embryos. Interestingly, it was also best represented by an equilibrium globule (U = 0.8 kT, Fig.
S2 K). It should be noted that small differences in interaction energies between monomers between
NC14 versus S15-S16 embryos (0.1kT) can lead to a large overall energy difference when integrated
over the whole chromosome (containing 75 PcG beads), which can considerably impact the global
organization of the chromosome (see green and blue data points, Fig. 1H). This result suggests that



Polycomb proteins might play a role in the formation of microphase separated repressive
compartments.

To test this prediction, we examined whether the presence of a plateau in the experimental P(s)
curve was abolished in Pc mutant and early stage embryos. Proximity frequencies between PcG
targets were notably reduced in the absence of Pc, and declined even more in NC14 embryos,
consistent with our previous conclusions (Fig. 1H). However, P(s) curves for Pc depleted and NC14
embryos still exhibited a plateau above ~1Mb and were also well represented by an equilibrium
globule (Fig. 1H, Fig. S2K, Fig. S2L). Thus, our results indicate that PcG proteins reinforce the spatial
de-mixing of distant chromatin regions leading to micro-phase separated compartments, but that
other factors (e.g. HP1, chromatin insulators, active transcription) (Zenk et al. 2021; Hug et al. 2017;
Rowley et al. 2017) are likely also involved in this process in Drosophila.

Chromosome-wide association of Polycomb targets involves predominantly pairwise interactions

In Drosophila Polycomb components assembly into large Polycomb foci (Buchenau et al. 1998; Saurin
et al. 1998; Bantignies et al. 2011). These results suggest that Polycomb compartments may involve
the spatial clustering of multiple Polycomb targets. To test this hypothesis, we calculated how often a
Polycomb target was proximal (at a distance ≤ 250 nm) to any other Polycomb target within the same
chromosome in single cells. We focused on long-range proximities (> 1 Mb) to avoid any bias
introduced by Polycomb target clustering within large Polycomb domains (i.e. ANT-C, BX-C, NK-C). In
S15-S16 embryos, two or more distant Polycomb genes were found to spatially co-localize in only 5 ±
4 % of cells (Fig. 2A). This frequency was comparable for all the Polycomb targets investigated, and in
all cases lower than 10%. As expected, this frequency of co-localization was even smaller for NC14
embryos (1 ± 4 %) (Fig. 2B), consistent with the loss of long-range Polycomb proximity in early
embryos (Figure 1E), and suggesting that PcG architecture is gradually acquired during development.
To determine if this behaviour was dependent on the distance cutoff, we calculated the mean
colocalization frequency of Polycomb targets for different thresholds (Fig. 2C). The mean proximity
frequencies remained lower than 15% in most cases, even for distance cutoffs as large as 400 nm. For
early embryos, the mean contact frequency remained lower than 10% for all thresholds tested (Fig.
2D). Interestingly, the co-localization frequency did not depend on the size of the Pc domain within
which the Pc barcode was located (Fig. 2E). This result suggests that the size of a Pc domain does not
determine how often it will co-localize with other Pc domains. Thus, in single cells Polycomb targets
within large and small Pc domains rarely spatially co-localize with other Polycomb targets to form
clusters.

To explore whether these infrequent spatial encounters involved multiple Polycomb targets, we
calculated the proportion of clusters containing two (i.e. pairwise cluster) or more Polycomb targets
(multi-way cluster). Clusters containing only two Polycomb targets were the most common in all
cases (>70%) (Fig. 2F). Next, we calculated the frequency of multi-way clusters as a function of the
number of targets in a cluster, normalized by the pairwise cluster frequency (Fig. 2G). The frequency
of multi-way interactions decreased monotonically with the number of co-localizing targets,
inconsistent with nucleation of multiple Polycomb targets. This behaviour was not tissue-specific, as
the trend was the same for all segments of the embryo (Fig. S3A). The distribution of multi-way
proximities remains similar for different thresholds (Fig. 2I). For NC14 embryos, Polycomb clusters
contained almost exclusively two targets, with the frequency of multi-way clusters being almost
negligible (<5%, Fig. 2G, Fig.S3B). All in all, these results suggest that microphase separation of
Polycomb targets involves the rare formation of Polycomb clusters containing a very limited number
of targets.

To test this hypothesis, we calculated the frequencies with which multiple Polycomb targets
co-localized in the block copolymer model presented above (Fig. 1F). Pairwise proximity frequencies
calculated from the model were low (~10%), and decayed with the number of interacting partners in



a manner similar to the experimental data (Fig. 2H). Thus, our simple polymer model reproduces the
experimental frequencies of pairwise and multi-way proximities, suggesting that the polymer
behavior of the chromosome largely dominates over the enthalpic contributions provided by
attractive interactions between Polycomb targets.

To further validate this hypothesis, we devised a toy polymer model containing two Polycomb targets
(one in each end) and studied the behavior of the polymer for different Polycomb interaction
energies (U) and polymer lengths (L). We found that the interaction energy required to bring
Polycomb targets together increased linearly with polymer length (Fig. S2J). In a first approximation,
the entropy of the polymer increases linearly with its length (Fig. S2J), thus the entropy of chromatin
acts to counteract the tendency of Polycomb targets to coalesce in space. This interpretation
suggests that most often Polycomb targets should be resolvable as individual units and would be
unmixed from intervening chromatin regions.

We tested this by designing and imaging an oligopaint library that labeled the 19 Polycomb targets
detected in chr. 3R (Fig. 1A, shown in blue in 3G) as well as 39 active regions between them (Fig. 2J,
red; see Methods). In most cells, Polycomb and active domains were spatially segregated (Fig. 2J,
overlap coefficient: 0.1, Pearson’s correlation coefficient: 0.095). From the genomic distribution of
Polycomb targets in the oligopaint library, a maximum of 11 Polycomb domains should be resolvable
(Fig. S3C). This estimation is lower than the total number of Polycomb targets in our design (19), as
targets in close genomic proximity would appear as single diffraction-limited spots. Considering the
efficiency of barcode detection (~0.6), and a probability of pairwise interactions of ~0.1 (Fig. 2A), we
estimate that we should be able to visualize ~6.8 barcode spots per cell. Remarkably, we observed 7
± 2 Polycomb spots per cell, consistent with a low degree of spatial clustering. All in all, these data
indicate that spatial coalescence of distant Polycomb targets is limited.

Gene repression and expression change the 3D internal organization of Polycomb domains

Our data shows that interactions between distant Polycomb targets are rare and involve primarily
two targets. To determine whether these pairwise interactions depend on the transcriptional status
of the co-localizing Polycomb targets, we mapped proximity frequencies for different segments of
the embryo displaying distinct transcriptional programs. First, we focused on intra-domain
interactions within hox TADs, that contain the genes responsible for the development of body
segments, and display well-defined patterns of expression and repression along the embryo
antero-posterior axis (E. B. Lewis 1978; Dessain and McGinnis 1993; Edward B. Lewis et al. 2004;
Kaufman, Seeger, and Olsen 1990).

We profited from the ability of Hi-M to maintain spatial information to calculate the intra-TAD
proximity frequencies between hox target genes within BX-C and ANT-C for each segment of the
embryo (Fig. 3A), and relied on existing transcriptional data to identify the segment where each gene
was expressed (Fig. S5). Proximity frequencies were normalised with respect to the segment of
repression of the anchor to detect whether the expression of a Polycomb target gene changed the
frequency with which it co-localized with other hox genes within the TAD (Figs. 3A-3C). For BX-C,
intra-TAD normalized proximities were negative, indicating that gene repression consistently led to
higher colocalization frequencies for hox genes within BX-C (Figs. 3A-B). This result is consistent with
previous observations (Bantignies et al. 2011; Cheutin and Cavalli 2018). ANTP-C displays a more
complex behaviour, with some targets displaying no change (e.g. lab, Scr, Antp) and others exhibiting
positive changes (pb, Dfd, Figs. 3A, 3C, S4B). Thus, we conclude that gene repression does not always
lead to the most compact TAD configuration.

To test whether gene expression leads to changes in internal TAD architecture, we calculated the
intra-TAD proximity frequencies normalized by the segment of expression for both BX-C and ANT-C
(Fig. 3D-F, Fig. S4A). Notably, normalized intra-TAD proximity frequencies were positive for most Hox
targets, indicating that expression of hox genes leads to their spatial segregation from other



repressed targets within their TAD, and generalizing a previous observation on a smaller set of
targets (Lanzuolo et al. 2007; Cheutin and Cavalli 2018).

Finally, we tested whether the simple copolymer model proposed above (Fig. 1) was able to
qualitatively reproduce these observations. For this, we performed simulations under three
scenarios: (1) all three genes within BX-C are repressed (head). In this case, the three genes in BX-C
interact with energy U; (2) bxd-Ubx is expressed and abd-A/Abd-B are repressed (segment A1); (3)
Abd-B is expressed and bxd-Ubx/abd-A are repressed (segments A7-9). In the last two cases,
repressed genes interact with energy U, while the region containing the active gene is considered as
non-interacting. To compare results of the simulations and experiments, we plotted the proximity
matrices for BX-C for the head, segment A1 and segments A7-9 (Fig. 3G). Notably, the simulations
were able to reproduce experimental data in the three different segments. In the head, where all
genes within BX-C are repressed, proximities between Polycomb targets were high, notably between
bxd-Ubx and abd-A, and bxd-Ubx and Abd-B. In segments A1/A7-9, Polycomb targets in active regions
were less often proximal to repressed targets (Fig. 3G, green arrows). In these segments, proximity
between repressed genes increased, possibly due to the loss of interactions with an active target
within the TAD (Fig. 3G, yellow arrows). This phenomenon can be also seen by plotting the
normalized proximity frequencies for each segment using Ubx as an anchor (Figs. S3C-D, green
arrows). Thus, tuning of the epigenetic state of Polycomb target genes within a TAD in the lattice
copolymer model was enough to qualitatively reproduce the trends in the experimental proximity
maps of cell types with different TAD configurations.

We previously established that clusters of Polycomb targets involved predominantly two genes (Fig.
2). To determine if this property depended on cell type or epigenetic state, we analyzed the
distribution of multi-way interactions in the head, A1, and A7-9 segments (Fig. 3H). In all segments,
the frequency of pairwise interactions was predominant, and diminished upon gene activation,
consistent with our previous results. The frequency of 3-way interactions was highest for the head,
where all genes are repressed. Overall, these results indicate that formation of higher-order
complexes involving multiple Polycomb targets (more than two) within a TAD are modulated by
epigenetic state, but remain rare, even in segments where all Polycomb targets within the TAD are
repressed.

Chromosome-wide 3D physical proximity between Polycomb domains increases in both repressed
and co-expressed segments

Next, we investigated whether the co-localization of Polycomb targets located in different TADs also
correlated to transcriptional state. For this, we calculated the normalized proximity frequency
between Hox genes and all other Polycomb targets in chr3R. Proximities were normalized to
segments in which the target genes are expressed. For most Polycomb targets, the normalized
proximity displayed positive values (Fig. 4A), thus Hox genes co-localized more often with other
Polycomb targets in segments where they were repressed. Overall, these results show that activation
of Hox genes leads to their local spatial segregation from other Polycomb genes within their TAD (Fig.
3), but also from most other more distant Polycomb targets (Figs. 4A-C, S6A).

Next, we explored how co-localization frequency changed with the transcriptional status of both
anchor and target. For this, we analyzed the changes in proximity maps for different anchors and
targets, in all cases normalized by the head, where most of the Hox genes are repressed (Figs. 4D-G).
In all cases, we observed that co-localization frequency between two distant Polycomb targets was
highest in segments where both genes were repressed, and diminished in segments where one or
the other gene was activated (Figs. 4D-G). For instance, proximity between Abd-B (anchor) and Antp
(target) diminished between T2-A1, where Antp is active, and increased in A3-A4, where both targets
are repressed (Fig. 4D). In the tail (A7-9), expression of Abd-B and other genes within BX-C is
correlated to an overall loss of proximity between Abd-B and Antp. Similarly, Abd-B and Scr/Dfd



displayed the highest proximity frequency in segments where they are both repressed (Fig. 4E-F). A
similar behaviour was observed for Antp (anchor) and bxd-Ubx (target) (Fig. 4G). Thus, spatial
colocalization between distant Hox Polycomb targets was highest in segments where both targets are
repressed, and was lower in segments where one of the targets was activated.

Finally, we tested whether non-hox Polycomb target genes displayed a similar behavior. For this, we
calculated the proximity maps for the non-Hox targets displaying clear antero-posterior expression
patterns: ems, hth, svp and grn (Figs. 4H and S5A). We normalized proximity maps by the proximity
frequencies on the segment where the anchor exhibited maximal expression (Fig. 4H) (Figs. 4F-G).
Notably, normalized proximity frequencies were negative for the majority of segments and targets
(Fig. 4H and 4I-4L). Thus, and in contrast to Hox polycomb targets, non-Hox Polycomb targets
displayed the highest proximity frequencies in regions where they are co-expressed. All in all, our
results show that proximity frequencies of distant Polycomb targets are spatially modulated, and can
be tuned in different cell types by co-repression and co-expression.

Discussion

Previous evidence suggested that multiple PcG TADs may often associate with each other in single
cells to form PcG compartments (bodies) to reinforce gene repression (Isono et al. 2013; Delest,
Sexton, and Cavalli 2012; Bantignies and Cavalli 2011). Here, we investigated the nature of these
compartments by implementing a multiplexed imaging-based approach that maps the multiscale
organization of Polycomb target genes in different presumptive tissues within the Drosophila
embryo.

Pairs of Polycomb target genes are able to interact in 3D by ‘gene kissing’, an activity that requires
Polycomb components and possibly other factors, such as chromatin insulators (Bantignies et al.
2011; Sexton et al. 2012). The ability of our approach to detect multiple Polycomb target genes in
single cells allowed us to shed light into the nature of these kissing interactions. Previous studies
determined that interactions between pairs of distant Hox genes were rare (10-20%), and proposed
that the existence of multiple accessible Polycomb partners may explain why two Hox genes only
interact in a small fraction of nuclei (Bantignies et al. 2011; Sexton et al. 2012). In fact, our analysis
shows that spatial colocalization of any two distant intra-chromosomal Polycomb targets is rather
infrequent. Moreover, we show that these rare long-range interactions are acquired after the
emergence of TADs at NC14 (Hug et al. 2017; Ogiyama et al. 2018), and concomitantly with the
enrichment of PcG foci (Cheutin and Cavalli 2012). Notably, our data shows that frequencies of
long-range interactions vary widely between targets and do not only depend on genomic distance,
suggesting a role for other factors (e.g. insulators) in the modulation of interaction specificity.

Previous genome-wide studies showed extensive interactions between distant Polycomb genes
(Bantignies et al. 2011), raising the possibility that Polycomb repressive compartments could involve
the coalescence of multiple repressed genomic regions. We tested this hypothesis by directly
calculating the frequency of pairwise versus multi-way interactions. Notably, we found that binary
interactions are predominant, with the frequency of multi-way contacts drastically decreasing with
an increasing number of targets. This finding is consistent with previous studies showing that
Polycomb TADs often appear as discrete 3D chromosomal units (Szabo et al. 2018). These results
indicate that Polycomb repressive compartments most often contain only two Polycomb target
genes.

This result is supported by polymer modelling, which shows that a microphase-separated polymer in
the globule regime correctly captures the behaviour of Polycomb domains. This polymer is close to
the θ-like transition in the phase space. In this configuration, a small change in the interaction energy
between monomers leads to a large change in the overall energy of the polymer, allowing chromatin



to switch conformation easily with a small difference in interaction energies. Microphase separation
is consistent with the dynamic occupancy of Pc sites by PRC1 proteins, observed both in Drosophila
and mammals (Ficz, Heintzmann, and Arndt-Jovin 2005; Fonseca et al. 2012; Steffen et al. 2013;
Huseyin and Klose 2021). Furthermore, this behaviour is maintained in Pc mutants, consistent with
other factors (HP1, insulators, transcription hubs, or other PcG proteins subunits) are likely also
driving long-range PcG domain organization (Zenk et al. 2021; Hug et al. 2017; Rowley et al. 2017).
This polymer model correctly captures the behaviour of PcG domains, notably the predominantly
pairwise nature of interacting partners, and the correlation between Polycomb architecture and gene
expression. Overall, our experiments and simulations suggest that Polycomb repressive
compartments form by infrequent associations of Polycomb domains. PRC1 proteins play an
important role in the formation of these compartments, however, other factors such as the entropy
of the chromatin polymer, specific contacts mediated by other chromatin factors, and attractive
interactions between active or repressed regions are also relevant. This suggests that the
composition of Polycomb compartments could be regulated by their epigenetic and transcriptional
status.

We tested this hypothesis by resorting to the ability of our method to reconstruct chromatin
architecture in embryonic segments with different epigenetic and transcriptional states. Remarkably,
we found that interaction frequencies between Polycomb targets are modulated by both
transcriptional repression and activation. Hox genes colocalized most frequently in segments where
they were co-repressed, both for targets located within the same TAD or for very distant genes. This
result was consistent with previous observations on a limited number of targets (Lanzuolo et al.
2007; Bantignies et al. 2011; Cheutin and Cavalli 2018). Notably, transcriptional activation of Hox
genes led to their spatial segregation, locally from other Polycomb targets within their TAD, and more
globally from other repressed distant Polycomb targets. Finally, non-Hox genes more frequently
colocalized in regions where they were both expressed, consistent with previous observations on a
limited number of targets (Li et al. 2013). These interactions among co-expressed genes might
depend on trithorax-group factors that can physically interact with Polycomb components to activate
gene expression (Strübbe et al. 2011; Kadoch et al. 2017; Stanton et al. 2017).

In conclusion, our data are inconsistent with repressive Polycomb compartments being formed by
the extensive coalescence of multiple distant Polycomb regions, and instead show that interactions
between Polycomb genes occur infrequently, and involve mostly pairwise encounters modulated by
transcriptional status.



Acknowledgements

This project was funded by the European Union’s Horizon 2020 Research and Innovation
Program (Grant ID 724429) (M.N.). We acknowledge the Bettencourt-Schueller Foundation for their
prize ‘Coup d'élan pour la recherche Française’, the France-BioImaging infrastructure supported by
the French National Research Agency (grant ID ANR-10-INBS-04, ‘‘Investments for the Future’’), and
the Drosophila facility (BioCampus Montpellier, CNRS, INSERM, Univ Montpellier, Montpellier,
France).

Methods

Probe selection and library design

A portion of ~15 Mb of chromosome 3R was selected. A 3 node self-organizing map (SOM, ‘kohonen’
R package) was used to produce a 3-way segmentation of 10 Kb genome wide bins. Each bin was
scored based on the average ChIP-seq read counts of H3K27me3, H3K4me3 and H3K36me3 from
14-16 hr embryos (modEncode, 3955 H3K27me3, Embryos-14-16 hr, OregonR, ChIP-seq; modEncode,
5096: H3K4me3, Oregon-R, Embryos 14-16 hr OR, ChIP-seq; 4950: H3K36me3, Oregon-R, Embryos
14-16 hr OR, ChIP-seq). Each SOM node was treated as a discrete cluster and contiguous bins
assigned to the same node were merged into one epi-domain. Only epi-domains of a size equal or
bigger to 20 kb were selected. For PcG domains, these epi-domains were later re-selected based on
the enrichment of H3K27me3 (modEncode, 3955 H3K27me3, Embryos-14-16 hr; OregonR;ChIP-seq),
and of PRC1 subunits PC, PH for embryos of 16 - 18 hrs of development (coming from
Schuettengruber B, et. al, 2014, accession number GSE60428) and PSC (modEncode, 3960:
Psc;Oregon-R;Embryos 14-16 hr OR;ChIP-seq, D. melanogaster). Domains having peaks of at least two
of these PRC1 subunits were kept. They were also visually inspected using Hi-C maps from (Ogiyama
et al. 2018). For active domains, they were re-selected based on the enrichment of H3K4me3 and
H3K36me3 (modEncode, 5096: H3K4me3;Oregon-R;Embryos 14-16 hr OR;ChIP-seq; 4950:
H3K36me3; Oregon-R; Embryos 14-16 hr OR ;ChIP-seq), and they were also visually inspected using
Hi-C maps from (Ogiyama et al. 2018). For inactive domains, they were selected based on the
absence of the aforementioned epigenetic marks. Domains between 20 - 100 Kb were labeled by one
15 Kb probe, centered in the middle of the domain, for all domain types. Domains between 100 - 200
Kb were labeled by two 15 kb probes centered at PcG protein peaks for PcG domains, and two 15 Kb
domains homogeneously distributed for active and inactive domains. Domains bigger than 200 Kb
comprise ANTP-C, BX-C and NK-C, and are labeled by 15 Kb probes targeting the promoters of their
genes (5,3 and 3 probes respectively). The selected Polycomb targets correspond to the PcG targets
in Chromosome 3R displaying the large majority of interactions (Bantignies, 2011). Polycomb
domains located outside the selected ~15 Mb region, or smaller than 20 Kb were not labeled as they
interacted with other Polycomb genes very infrequently.

Library synthesis and amplification

The library synthesis method is based on the development by (Beliveau et al. 2012). After selecting
the genomic regions of interest, a database of genomically unique, non overlapping sequences was
used to generate the Oligopaint primary probes (Oligopaints website,
https://oligopaints.hms.harvard.edu/). They were mined using OligoArray (Rouillard, Zuker, and
Gulari 2003). Each Oligo of the library is made of 148 nucleotides (nt), and consists in (from 5' to 3'):
a 22-nt forward universal primer region for library amplification, a 20-nt readout region, unique for
each 15 kb targeted region, a 2-nt spacer, a 20-nt readout region, unique for each 15 kb targeted
region, a 42-nt region of homology to chromosomal DNA, a 20-nt readout region, unique for each 15
kb targeted region, and a 22-nt unique reverse primer for library amplification. An Oligopool with all
the nucleotides used was ordered from Custom Array.



The procedure to amplify the library consists in four main steps: I) PCR amplification of the
Oligopaints library using a reverse primer that adds the T7 promoter sequence; II) Conversion of the
PCR product to RNA via an in vitro transcription using T7 polymerase; III) Generation of
single-stranded DNA (ssDNA) via reverse transcription; IV) Degradation of the RNA template using
alkaline hydrolysis. The full protocol can be found at (Cardozo Gizzi et al. 2020).

Primer sequences for library amplification are listed below (5’ to 3’):

BB291.fw: CAGGTCGAGCCCTGTAGTACG

BB292.rev: GTGTCCGAGGCTGTCTCCTAG

Imaging oligo sequence:

MER1-SS-A647-32pb: CACACGCTCTTCCGTTCTATGCGACGTCGGTG/iThioMC6-D//3AlexF647N/

Adaptor, displacement and imaging oligos

Adaptor oligos were used to bind the fluorescent label to the primary Oligopaint library. They’re
made of 62 base pairs, and consist in (from 5' to 3'): I) a binding region of 20 bp, complementary to
the binding site of the oligos in the primary library; a bridge of 10 bp; and a binding site for the
imaging oligo, of 32 bp.

The bridge is used to bind a displacement oligo. A displacement oligo consists in the complementary
sequence of the bridge, followed by the complementary sequence of the Binding region on the
adaptor oligos. When injected at the proper concentration, they bind the adaptor oligo. The adaptor
oligo bound by a displacement oligo can then be washed out, removing with it the fluorophore in the
imaging oligo. This technique was first used in Mateo et. al. 2019, and it is used in our work to
remove the fluorescent signal from the fiducial mark every 10 cycles, to avoid bleaching and ensure
an optimal signal intensity. To remove the fluorescent signal from barcodes, a chemical bleaching
step was performed (see image acquisition section).

Imaging oligos consist of a 32-mer complementary to the binding region in the adaptor oligo,
followed by a cleavable Alexa-647 fluorophore. Fiducial marker imaging oligo consists of a 32-mer
complementary to the binding region of the corresponding adaptor oligo, followed by a
non-cleavable Rhodamine Red fluorophore. Adaptors, displacements and imaging oligos were
synthesized by Integrated DNA Technologies (IDT; Coralville, USA). Their sequences can be found in
Appendix 1.

Embryo collection and fixation

Oregon-R w1118 flies were used for the WT strain. For the mutant line, the PcXT109 strain was used. It
consists in a null mutant (Franke, Messmer, and Paro 1995) that was balanced over the KrGFP-TM3
Sb balancer (TKG: obtained from BL#5195 of the Bloomington Drosophila Stock Center). Flies were
maintained at room temperature with natural light/dark cycles and were grown on standard
cornmeal yeast media at 21°C.

Following a pre-laying period of 16-18 H in cages with yeasted 0.4% acetic acid agar plates, agar
plates were changed for new ones so flies can lay eggs during the corresponding time (1.5 H for NC14
embryos, 4 H for S15-16 embryos and mutants) on the new plates. Embryos were then incubated at
25°C for the corresponding time to obtain the desired developmental stage for fixation (1 H for NC14,
12 H for S15-16 and mutants). For fixation, embryos were dechorionated with bleach for 5 min and
thoroughly rinsed with water. They were fixed in a fixation buffer (1:1 mixture of 4% methanol-free
formaldehyde in PBS and Heptane) by agitating vigorously for 15 s and then letting stand the vial for
25 min at RT. The bottom formaldehyde layer was replaced by 5 mL methanol and embryos were



vortexed for 30 s. Embryos that sank to the bottom of the tube, devitellinized, were rinsed three
times with methanol. Embryos were stored in methanol at -20°C until further use.

Hybridization of Hi-M library

Embryos were rehydrated by incubating them sequentially for 5 min at RT on a rotating wheel, using
1 mL of each of the following solutions: I) 90% methanol, 10% PBT; II) 70% methanol, 30% PBT; III)
50% methanol, 50% PBT; IV) 30% methanol, 70% PBT; V) 100% PBT. Then embryos were RNAse
treated during 2h at RT, and permeabilized in 0,5% Triton/PBS during 1h. Next, embryos are
incubated for 20 min at RT on a rotating wheel sequentially in the following Triton/pHM solutions
(pHM: 2X SSC, NaH2PO4 0.1M pH = 7, 0.1% Tween-20, 50% formamide (v/v)): I) 80% PBS-Triton, 20%
pHM; II) 50% PBS-Triton, 50% pHM; III) 20% PBS-Triton, 80% pHM; IV) 100% pHM. Then 225 pmol of
primary probe were diluted in 25 μL of FHB (FHB =50% Formamide, 10% dextran sulfate, 2X SSC,
Salmon Sperm DNA 0.5 mg mL). Primary probes and embryos were denatured by incubating them 15
min at 80 °C. Embryos were then transferred to a 500 μL PCR tube, next pHM was removed from
embryos and 30 μL of the denatured probes were added. Embryos were then placed into a
thermocycler with the following program: Starting from 80°C, 43 cycles of 10 minutes, with a
temperature drop of -1°C/cycle, then incubation at 37°C indefinitely. Embryos were then transferred
back to a 1.5 mL tube, and sequentially washed for 20 min in the following solutions: I) 50% (vol/vol)
formamide, 2× SSC; repeat this wash once; II) 40% (vol/vol) formamide, 2× SSC; III) 30% formamide,
70% PBT; IV) 20% formamide, 80% PBT; V) 10% formamide, 90% PBT; VI) 100% PBT; VII) 100%
PBS-Triton. Washes I-IV were performed at 37 °C in a thermal mixer with agitation (900 r.p.m.);
washes V–VII were performed at RT on a rotating wheel. An additional crosslink in 4% PFA was
performed. Embryos were washed and  resuspended in PBS, and stored at 4°C until use.

Microscope setup

Experiments with NC14 embryos were performed on a home-made wide-field epifluorescence
microscope built on a RAMM modular microscope system (Applied Scientific Instrumentation)
coupled to a microfluidic device as described previously (Cardozo Gizzi et al. 2019; 2020). Samples
were imaged using a 60x Plan-Achromat water-immersion objective (NA = 1.2, Nikon, Japan). The
objective lens was mounted on a closed-loop piezoelectric stage (Nano-F100, Mad City Labs Inc. -
USA). Illumination was provided by 3 lasers (OBIS-405/640 nm and Sapphire-LP-561 nm, Coherent –
USA). Images were acquired using a sCMOS camera (ORCA Flash 4.0V3, Hamamatsu – Japan), with a
final pixel size calibrated to 106 nm. A custom-built autofocus system was used to correct for axial
drift in real-time and maintain the sample in focus as previously described (Cardozo Gizzi et al.
2019). A fluidic system was used for automated sequential hybridizations, by computer-controlling a
combination of three eight-way valves (HVXM 8-5, Hamilton) and a negative pressure pump
(MFCS-EZ, Fluigent) to deliver buffers and secondary readout probes onto a FCS2 flow chamber
(Bioptechs). Software-controlled microscope components, including camera, stages, lasers, pump,
and valves were run using a custom-made software package developed in LabView 2015 (National
Instrument).

Experiments with S15-S16 and Pc del embryos were performed on an AxioObserver microscope
coupled to a LSM800 laser-scanning confocal detection (Zeiss, Germany). Samples were imaged using
a 63x, NA = 1.2 water-immersion objective (W DICII, Zeiss). Illumination was provided by 3 laser lines
(405/561/640 nm). Images were acquired with a pixel size of 100 nm, and 0.5 µm z-slices. A pinhole
size of 62 µm was used. ZEN 2.3/6 blue edition (.NET Framework Version: 4.0.30319.42000) was used
for acquisition. Focus reproducibility during the experiment was ensured by the built-in autofocus
tools available in ZEN.



Sequential hybridizations were performed using a computer-controlled fluidic system. In brief, a
peristaltic pump (Instech, P720) coupled to an eight-way valve (HVXM 8-5, Hamilton) delivers the
buffers into a FCS2 flow chamber (Bioptechs). Barcodes were injected sequentially using a
home-made delivery platform composed of a rotating tray where the tubes are arranged (Physik
Instrumente, M-404.4PD). A needle coupled to a linear stage (Physik Instrumente, VT-80) is used to
inject the barcodes into the chamber. A second peristaltic pump (Instech, P720) is coupled to the
needle and a two-way valve (HVXM 2-5, Hamilton), to wash the residual barcode solution from the
needle between cycles. Flow rate is constantly monitored (FRP, flow-rate platform, Fluigent) in order
to control the injected volumes and ensure reproducible hybridization conditions for all probes.

Finally, a XY translation stage (MS2000, Applied Scientific Instrumentation) is used to select the
positions of the embryos. Pumps, valves, and translation stages were controlled using a
custom-made software package developed in LabView 2015 (National Instrument). Synchronization
between injections and confocal acquisitions was ensured using a trigger box (SVB-1 Zeiss, Germany)
and an analog voltage output device (USB-3104, Measurement computing).

Image acquisition

Embryos labeled with the primary library were attached to a poly-L-lysine coated coverslip, placed
into the FCS2 fluidics chamber. Fiducial mark labeling with a Rhodamine labeled readout probe and
DAPI staining were performed in the chamber, using the fluidics to inject solutions and perform
washes. For image acquisition, the fluidics system contained: 1 tube with 50 mL of washing buffer
(WB, 2XSSC, 40% v/v formamide), 1 tube with 50 mL of 2x SSC, 1 tube with 20 mL of imaging buffer
(IB, 1xPBS, 5% w/v glucose, 0.5 mg/mL glucose oxidase and0.05 mg/mL catalase), 1 tube with 50 mL
of chemical bleaching buffer (CB, 2X SCC, 50 mM TCEP hydrochloride), and 19 tubes with 2 mL of
each readout probe solution (25 nM readout probe, 2XSSC, 40% v/v formamide). To avoid
degradation by oxygen, IB was stored under a layer of mineral oil throughout the experiment, and
renewed every 12 h.

Several 200µm X 200µm fields of view (FOV) containing the embryos were selected, using the
LabView script. Z stacks of 15 - 20 μm were selected, with steps of 250nm in the widefield setup and
500nm in the Airyscan.

DAPI was imaged first, together with fiducial marks, using 405, and 561 nm laser lines. For barcode
imaging, LabView software controlled the sequential hybridization and imaging procedure. Briefly,
the chamber was filled with 1.7 mL barcode probe solution over ~17 min to ensure binding of
readout probes. Next, the sample was washed with 1.5 mL of wash buffer for 10 min. Then 1.5 mL of
2X SSC were flushed during 10 min and finally 1.2 mL of imaging buffer was injected in ~12 min. Flow
was stopped, and the FOVs were imaged in two channels by exciting at 561 and 641 nm to image
fiducial marks and barcode probes, respectively. After imaging, the fluorescence signal of the
barcode probes was cleaved using chemical bleaching by flowing 1.5 mL of CB buffer for 10 min. The
Rhodamine-labeled fiducial barcode was insensitive to chemical removal. After chemical bleaching,
the chamber was flushed with 1.5 mL of 2XSSC for 10 min and a new hybridization cycle started. All
buffers were freshly prepared and filtered for each experiment. Barcodes displayed a labeling
efficiency in the 40-65% range (Fig. S2B).

Polymer modelling

A block copolymer of N=866 beads, each of size a=20kb, matching the genomic size and distribution
of the experimental probes was implemented and simulated by Monte Carlo simulations (Walter and
Barkema 2015) on a Face-Centered Cubic lattice (FCC). This lattice polymer model has proven to be
extremely precise up to second order corrections when compared to analytical results for DNA
hybridization/melting (Sakaue et al. 2017) and for the unwinding dynamics (Walter et al. 2013).



Beads were divided into two classes in all simulations: Pc beads, that displayed a finite interaction
strength U; and null beads, for which U=0. In order to access the behaviour of this polymer versus U,
we built the phase diagram in Fig.S2G where the radius of gyration Rg is plotted versus U. To do so, Rg

was sampled from U=0 over 2.105 configurations. N2 Monte Carlo steps were performed to
decorrelate the polymer between two samplings. Subsequently to the completion of the sampling at
a given U, the value of U was increased by 0.05kT, the system was thermalized during 107 Monte
Carlo steps and the sampling procedure was resumed at this new interaction energy. Different values
of U were used, to match experimental data: for all observables presented in the main text
(Frequency versus genomic distance; histogram of pairwise interactions and contact map between
ubx, abd-A and Abd-B)  we have used U=0.8kT for early embryos and U=0.9kT for late embryos.

Data analysis

Airyscan images (.czi format) were converted to TIFF files using Bio-Formats plugin in Fiji (Schneider,
Rasband, and Eliceiri 2012; Schindelin et al. 2012, https://github.com/ome/bioformats, (Linkert et al.
2010).

Acquired images are deconvolved using Huygens Professional version 20.04 (Scientific Volume
Imaging, the Netherlands,https://svi.nl/), via the CMLE algorithm (SNR:20, 40 iterations) run with a
custom-made script written in Tcl/Tk.

The following analysis steps were performed with a home made script in MATLAB 2019b (The
MathWorks, Inc., Natick, United States). First, X-Y drift is corrected for each hybridization cycle. A
global X-Y correction is obtained by cross-correlating the images of the fiducial barcodes with that of
the first barcode (reference cycle). This produces a single 3D vector for each barcode and represents
a ‘global’ correction applied to the whole FOV. Then, an adaptive thresholding is used to pre-segment
the spots of each fiducial barcode in each cell for all FOVs and for all barcodes. The 3D coordinates of
each barcode were then found using a 3D Gaussian fitting algorithm on the pre-segmented mask.
Fiducial barcodes with sizes larger than the diffraction limit of light (2.2 pixels for our microscope)
were filtered out. Third, we obtained ‘local’ 3D correction vectors for each cell in each FOV. This was
done by first using the global X-Y correction vector to pre-align fiducial barcode spots in each cycle to
fiducial barcode spots in the reference cycle. Then, image-based cross-correlation of these
pre-aligned fiducial barcode images is used to reach sub-pixel accuracy in the correction vector. This
approach allowed for 3D, subpixel accuracy drift-correction across the whole FOV (Fig. S2C). Fourth,
barcodes were segmented for all hybridization cycles in batch processing mode using optimized
adaptive thresholding. 3D coordinates of each barcode were then determined by 3D Gaussian fitting
of the segmented regions. These positions were corrected for drift by using the closest fiducial
barcode vector obtained from the previous analysis step. Nuclei were segmented from DAPI images
by adaptive local thresholding and watershed filtering. Embryo's segments were selected by
manually drawing polygons over them. This was used to assign each DAPI-segmented cell to the
corresponding segment. Then, barcodes were attributed to each cell by using the DAPI
segmentation. For each nuclei we then calculate pairwise distance matrices. All further analysis is
done using home made Python 3. The contact probability is obtained as the number of nuclei where
the pairwise distances were lower or equal to 250 nm, normalized by the number of nuclei
containing both barcodes. Outliers (defined using the interquartile rule) or bins with no reported
interactions were filtered out. All image processing was carried out on Linux terminals connected to a
server running Linux PopOS 19.10, with 4 GeForce GTX 1080Ti GPU cards (SCAN computers, UK).



Figure legends

Figure 1: Polycomb domains behave as a self-interacting polymer in the globule regime.

a. Library design. Schematic representation of the Oligopaints library used, covering PcG
domains over a portion of ~ 12Mb of chromosome 3R. Triangles represent the three bigger
domains: ANTP-C, BX-C and NK-C. Bottom: H3K27me3, PC, PH, PSC Chip-seq data for a
portion of ANT-C

b. Experimental setup. Diagram of the experimental setup. Hi-M allows to image PcG domains
sequentially in single cells of full embryos, keeping spatial resolution. Briefly, images are
acquired using an Airyscan confocal microscope coupled to a fluidics system. Barcodes are
injected using a needle attached to a translation stage. A peristaltic pump delivers solutions
into the microfluidics chamber. See supplementary data for a detailed description of the
setup.

c. Hi-M proximity frequency and pairwise distance maps for WT late embryos. Hi-M proximity
frequency map for selected PcG domains (top) and pairwise distance map for the same
region (bottom), for late embryos. Barcode IDs are indicated on the axis of the figure. The
colormaps corresponding to the proximity frequency and pairwise distance are shown above
and below the plot respectively. Grey bins in the matrix correspond to interactions that did
not satisfy our quality control filters (Methods).

d. Hi-M proximity frequency and pairwise distance maps for Pc del mutants. Hi-M proximity
frequency maps (top) and pairwise distance map for the same region (bottom) for mutants
carrying a deletion of Pc gene. Barcode IDs are indicated on the axis of the figure. The
colormaps corresponding to the contact frequency and pairwise distance are shown above
and below the plot respectively. Grey bins in the matrix correspond to interactions that did
not satisfy our quality control filters (Methods).

e. Hi-M proximity frequency and pairwise distance maps for early NC14 embryos. Hi-M
proximity frequency maps (top) and pairwise distance map for the same region (bottom) for
early NC14 WT embryos. Barcode IDs are indicated on the axis of the figure. The colormaps
corresponding to the contact frequency and pairwise distance are shown above and below
the plot respectively. Grey bins in the matrix correspond to interactions that did not satisfy
our quality control filters  (Methods).

f. Polymer modelling of chromosome 3R. Co-polymer containing interacting beads with
energy U (PcG beads, blue), and non interacting beads (pink). Increasing U leads to three
different behaviours: swollen (random) Coil, θ-like polymer, and Equilibrium globule.

g. Contact probability vs genomic distance for late embryos vs simulation results of a
self-interacting polymer in the globule phase (see text for details). Contact frequency vs
genomic distance for WT S15-16 embryos (blue dots), contact frequency from simulation of a
self- interacting polymer in the globule regime (green curve, U=0.9kT), contact frequency
from simulation of a polymer at the theta-like transition (grey dashed curve, U=0.65 kT) and
contact frequency from simulation of a polymer in the swollen coil regime (grey curve, U=0
kT). Experimental data is best described as a polymer in the globule regime.

h. Contact probability vs genomic distance for WT S15-S16 embryos, Pc del embryos and
NC14 embryos. Contact probability vs genomic distance, for WT S15-16 embryos, Pc del
embryos, and NC14 embryos. Solid and dashed lines represent a guide to the eye for the



three datasets. A plateau in contact probability can be observed at genomic distances higher
than 1 Mb.

Figure 2: PcG genes rarely form multi-way interactions with targets outside their TAD

a. A - B) The frequency of interaction between PcG genes is low (means < 10%), regardless of
the developmental stage. Median inter-domain proximity frequency for all PcG domains in
late S15-S16 embryos (panel A) and NC14 (S5) embryos. White dots represent the median
proximity frequency and gray lines represent the mean contact probability.

b. C - D) Mean proximity frequencies remain low at different contact thresholds. Mean
proximity frequencies per domain for late (left) and early (right) embryos, for different
contact thresholds (between 250nm - 400 nm). In all cases mean contact probabilities
remain below 17%.

c. E) Proximity frequency does not depend on domain size. Mean inter-domain proximity
frequency as a function of domain size.  Domains are separated in Hox and Non Hox

d. F - G) Most PcG targets form pairwise interactions. Left: frequency of pairwise interactions
among all multi-way contacts. Right: Histograms in log-scale of the number of interacting
partners in single cells, for all genes, normalized by the number of pairwise interactions (1
interacting partner), for late S15-S16 (left) and early NC14 (S5) (right) embryos. Genes are
indicated on the left of the figure, the number of interacting partners is indicated on the
bottom, and the color-scale for the normalized frequency of interaction is shown on the
right.

e. H) Multi-way interactions are negligible over 4-way interactions, in agreement with the self
interaction polymer model. Normalized proximity frequencies vs number of interacting
partners for experimental data for WT S15-S16 embryos (blue curve), NC14 embryos (red
curve) and simulations of a copolymer in the equilibrium globule regime (U = 0.9kT, green
curve).

f. I) Experimental multiway interactions remain negligible for different interaction
thresholds. Experimental proximity frequency vs number of interacting partners for contact
thresholds between 250 nm - 400 nm. In all cases, contacts are predominantly pairwise.

g. J) Active and PcG domains segregate spatially. PcG domains form discrete foci in agreement
with polymer microphase separation. All active and all Polycomb domains imaged in two
consecutive Hi-M cycles. They spatially separate. Pearson’s colocalization coefficient P =
0.095. Overlap Coefficient = 0.16.

Figure 3: Regulation of gene expression changes chromatin contacts within Hox gene PcG TADs

A-C) Repression of Hox PcG targets leads to the most compact intraTAD configuration for
some, but not all Hox target genes. IntraTAD proximity frequencies for Hox target genes,
normalized in the repression segment of anchors. For BX-C, intra-TAD normalized proximities
are negative, indicating that gene repression led to higher colocalization frequencies for hox
genes within BX-C. ANTP-C displays a more complex behaviour, with some targets displaying
no change (e.g. lab, Scr, Antp) and others exhibiting positive changes (pb, Dfd). Panels B and
C show the intra TAD normalized proximity frequency in different segments for two of the
targets, bxd-Ubx and Antp, normalized in segments where they’re repressed.

D-F) Expression of Hox PcG target genes leads to changes in PcG TAD organization. IntraTAD
proximity frequencies for Hox target genes, normalized in the expression segment of



anchors. Normalized intra-TAD proximity frequencies are positive for most Hox targets,
indicating that expression of hox genes leads to their spatial segregation from other
repressed targets within their TAD. Panels E and F show the intra TAD normalized proximity
frequency in different segments for two of the targets, bxd-Ubx and Antp, normalized in
segments where they’re expressed.

G) Polymer physics simulations recover the segregation of PcG genes upon activation.
Experimental and simulated contact probability submatrices for genes in the BX-C in the
head (where all genes are repressed), segment A1 (where bxd/Ubx is active, and abd-A and
Abd-B are repressed), and segments A7-A9 (where Abd-B is active, bxd/Ubx and abd-A are
mostly repressed). Non-activated genes become physically closer when one gene in the
complex becomes active (yellow arrows). Bottom: microscopy images for the BX-C in the
three regions described.

H) Distribution of intra-TAD multi-way interactions are predominantly pairwise. IntraTAD
interaction frequencies for the BX-C in the segments shown on panel G. In all segments, the
frequency of pairwise interactions is predominant, and diminishes upon gene activation. The
frequency of 3-way interactions is the highest for the head, where all genes are repressed.

Figure 4: Pairwise, long-range chromatin interactions between PcG domains correlate with
expression patterns. Co-expressed and co-activated genes display an increase in physical proximity.

A - C) Expression of PcG target genes decreases contacts with other PcG genes at
long-range genomic distances. Normalized proximity frequencies for Hox target genes, with
all other PcG targets in chr. 3R. Proximity frequencies are normalized in segments where the
target genes are expressed. Proximities were normalized to segments in which the target
genes are expressed. For most Polycomb targets, the normalized proximity displayed positive
values (Fig. 4A), indicating that Hox genes co-localized more often with other Polycomb
targets in segments where they were not expressed. Panels B and C show the normalized
proximity frequency for long range interactions between Abd-B and lab anchor genes.

D-G) Repression of PcG target genes leads to higher proximities between PcG TADs.
Difference in contact probability for LR interactions between anchors (Abd-B, Dfd, Antp,
shown by anchor sign) and selected genes (Antp, Scr, Abd-B, Ubx(bxd)), with respect to a
normalizing segment. The normalizing segment is highlighted in grey on the embryo scheme.
Patterns of expression of the interacting genes are also shown on the embryo scheme, where
darker shades represent higher levels of expression. Above the plot, the scheme represents
changes in looping interactions in different segments. Below, regions in the embryo where
the two partners are co-repressed, or where only one of them is expressed, are depicted in
blue and green respectively.

H - L) Expression of PcG non-Hox target genes leads to higher proximity between expressed
targets. Normalized proximity frequencies for non-Hox targets, normalized in the segment of
maximal expression. Normalized proximity frequencies are negative for the majority of
segments and targets, showing that non Hox targets display the highest proximity
frequencies in regions where they are co-expressed. In figures 4I-4L, expression patterns of
selected targets are shown on the right (orange patterns).



Supplementary figure 1: Selected genomic loci in chromosome 3R. Selected PcG genomic
loci in chromosome 3R (blue) and active regions (red). For each PcG loci, the probe position
within the loci  as well as the Chip-seq profiles for H3K27me3, PC, PH, and PSC are shown.

Supplementary figure 2:

A) Schematic representation of the experimental setup. Briefly, peristaltic pump 1 delivers
buffers and barcodes into the microfluidics chamber. An 8-way valve selects the solution to
be injected. A 2-way valve is used to either inject barcodes, or to rinse remaining barcode
solution in the needle between cycles, via peristaltic pump 2.

B) Labelling efficiency for all barcodes, defined as the percentage of nuclei displaying at least
one detected barcode per imaging cycle.

C) Boxplot of residual error in drift correction of fiducial barcodes after global and local drift
correction. Global correction is obtained by cross-correlating the fiducial mark images. Local
correction is obtained centering subvolumes of 20x20x60 pixels for each segmented object in
the first cycle. Then each subvolume i in cycle j is cross-correlated with subvolume i in cycle 1
to obtain a detection-specific local correction vector. The final correction vector is obtained
by adding the global correction vector to the local correction vectors.

D) Comparison between Hi-M contact probability map and Hi-C map, for WT late embryos.

E) Pairwise distance distributions for all pairs of barcodes, obtained using Hi-M.

F) Pearson correlation coefficients for different distance thresholds used to define a contact,
and different genomic distances. For the threshold used in this work (T = 250 nm), the
correlation is high (>0.7) for all genomic distances.

G) Pearson correlation between Hi-M contact probability matrix obtained with a distance
threshold of T = 250 nm, and matrices obtained with different distance thresholds.

H) Proximity frequency matrix (top), and pairwise distance matrix (bottom) for WT S15-16
embryos. Two loci with similar mean distances may have different proximity frequencies
(blue and red squares), as we can see from the distance distribution.

I) Phase diagram of a polymer, with the radius of gyration (RG
2 , in units of monomer length a)

as a function of the interaction energy between monomers (U). Three different phases can
be observed for PcG beads: Coil regime ( RG ~ N𝝼), Theta regime ( RG ~ N1/2), and Globule
regime ( RG ~ N1/2, followed by saturation), where N is the number of monomers.

J) Rescaled end to end distance of the polymer as a function of the energy of interaction U
between two attractively interacting beads separated by a polymeric chain. The different
curves correspond to different polymer lengths. The energy needed to bridge the polymer
increases with increasing polymer length (and thus increasing entropy). This illustrates that
two distant PcG loci need to compete against the entropy of chromatin separating them,
preventing the coalescence of several loci into phase separated droplets. The rescaled end to
end distance of the polymer is proportional to the proximity frequency of the end beads,
Pcontact = 1 - Ree/L2𝜈

K) Contact probability vs genomic distance for late S15-S16 embryos and Pc del embryos vs
simulation results of a self-interacting polymer in globule phase. Contact frequency vs
genomic distance for WT S15-16 embryos (blue dots), for Pc del mutant embryos (gray dots),
and contact frequency from simulation of a self- interacting polymer in the globule regime



(green curve, U=0.9kT). Both WT and mutant data are best described as a polymer in the
globule regime.

L) Contact probability vs genomic distance for early NC14 embryos vs simulation results of a
self-interacting polymer in globule phase. Contact frequency vs genomic distance for WT
S15-16 embryos (blue dots), for Pc del mutant embryos (gray dots), and contact frequency
from simulation of a self- interacting polymer in the globule regime (green curve, U=0.8kT).
Experimental data is best described as a polymer in the globule regime, although with lower
interaction energy than S15-S16 embryos.

Supplementary figure 3:

A) Frequency of multi-way clusters as a function of the number of targets in a cluster, normalized by
the pairwise cluster frequency, for different segments of WT S15-S16 embryos. The frequency of
multi-way interactions decreases with the number of co-localizing targets for all segments of the
embryo, indicating that pairwise interactions are prevalent regardless of the tissue.

B) Frequencies of pairwise interactions among all multiway interactions for S15-S16 WT embryos. In
all cases, they’re high (>50%).

C) Genomic distribution of PcG targets on chr. 3R.

Supplementary figure 4:

A) IntraTAD normalized proximity frequencies in different segments for BX-C gene targets, normalized
in segments of expression. In most cases, proximity frequencies are positive, indicating that BX-C
targets segregate from other repressed targets within the TAD upon activation.

B) IntraTAD normalized proximity frequencies in different segments for ANT-C gene targets,
normalized in segments of repression. Proximity frequencies display high variability, showing that
gene repression does not always lead to the most compact TAD configuration.

Supplementary figure 5:

Expression patterns of selected genes. Images come from the Berkeley database
(https://insitu.fruitfly.org/cgi-bin/ex/insitu.pl).
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3 Discussion

PcG proteins are evolutionarily conserved chromatin modifying factors that regulate re-
pression of key regulatory and developmental genes. They exert their repressive activity
both by their histone modifying activity and their role in 3D organization. In Drosophila,
PRC1 complex proteins cause nucleosome compaction, rendering chromatin inaccessible
to the transcriptional machinery or to activating factors such as TrxG proteins [Shao
et al., 1999, Francis et al., 2004, Francis et al., 2001, Yuan et al., 2012, Lau et al.,
2017]. In addition, regions bound by PcG proteins display a more compact architec-
ture when compared with other chromatin types [Boettiger et al., 2016, Kundu et al.,
2017]. PcG components also mediate looping interactions between Polycomb Response
Elements (PREs), and cis-regulatory elements (CREs) [Lanzuolo et al., 2007, Comet
et al., 2011, Tiwari et al., 2008, Eagen et al., 2017, Ogiyama et al., 2018], PcG proteins
both modify the structure and the function of chromatin. At higher orders levels of
organization, PcG bound regions can mediate long-range interactions [Bantignies et al.,
2011, Schoenfelder et al., 2015, Bonev et al., 2017], even when the interacting loci are
separated by several Mb (for example, Hox gene clusters in Drosophila [Bantignies et al.,
2011]). These interactions are thought to reinforce gene repression, and it has been hy-
pothesized that PcG targets form repressive compartments that appear in single cells as
PcG foci (Polycomb bodies) [Delest et al., 2012, Bantignies and Cavalli, 2011, Isono et al.,
2013]. These results suggest that multiple PcG domains may associate in single cells to
form ”repressive environments” with many interacting partners. These hubs may display
a tissue specific behaviour that follow the pattern of expression of the genes involved.

In this work, we tested this hypothesis using Hi-M, an imaging-based method that
enables the reconstruction of chromatin architecture /it in situ. Hi-M is a well suited
technique to investigate PcG architecture because it allows the localization of multiple
genomic loci at the same time with genomic specificity, and in addition maintains spatial
information so that single-cell conformations can be linked to different tissues within
developing embryos. In this way, architecture can be compared with well established
gene expression patterns.

Multiple PcG targets on chromosome 3R were imaged using Hi-M, for stage 15-16,
nuclear cycle 14, and PcXT109 null mutant Drosophila embryos. It has been observed
that PcG target genes interact in 3D, a phenomenon that has been termed ’gene kissing’
[Bantignies et al., 2011, Sexton et al., 2012]. These studies determined that interactions
between pairs of distant Hox genes were rare (10-20%), and proposed that the existence
of multiple Polycomb partners explains why two Hox genes only interact in a small
fraction of nuclei. Our work shows that interactions of a PcG target with any other
distant PcG targets are indeed infrequent. Moreover, these interactions are acquired
after TAD emergence at NC14 [Hug et al., 2017, Ogiyama et al., 2018], concomitantly
with the enrichment of PcG foci [Cheutin and Cavalli, 2012]. Furthermore, we show that
both intra-TAD and inter-TAD (long range) interactions predominantly involve two PcG
target genes. This is consistent with previous works showing that PcG TADs appear as
discrete chromosomal units [Szabo et al., 2018]. Thus, our evidence is inconsistent with
the hypothesis of cluster formation, and suggests a high degree of diversity and flexibility
in the formation of the PcG domains interacting network. PcG bound regions undergo
inter-domain interactions with low frequencies, suggesting that most PcG silencing occurs
via /it cis regulatory elements. These low-frequency pairwise interactions occur with
higher probability in late stage embryos, suggesting that they are established during
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development to reinforce repression of their targets. Indeed, PcG long range interactions
form a second level of repression, as it has been shown that perturbation of long-range
contacts leads to a small but detectable transcriptional de-repression [Bantignies et al.,
2011].

DNA is a polymer, and several modelling strategies have been developed to describe
and understand the physics of chromatin folding. We combined our data with polymer
simulations, using a block copolymer on an FCC lattice [Jost et al., 2014, Jost and Vail-
lant, 2018]. The simulated polymer consists of Polycomb beads that match the positions
of the PcG domains imaged, and active (non interacting) beads in between. Polycomb
beads in the model are allowed to interact with an energy of interaction U between
monomers defined by the experimental data. Non-Polycomb beads have U=0. Phase
separation diagrams for these kind of models show that polymers can be either in coil
regime, where the chain is in an extended open-configuration and randomly folded; or
in globule regime, that represents a more compact phase where different regions of the
polymer interact. The separating region between these two phases is known as the θ-line.
The modeling approach used in our work shows that PcG domains behave like a polymer
in the globule regime, and close to the θ-transition line in the phase diagram. In this
configuration, a small change in the interaction energy between monomers leads to a huge
change in the overall energy of the polymer, allowing chromatin to switch conformation
easily with a small difference in U. Biologically, this allows PcG domains to rapidly switch
conformation when needed, for example, when gene activation leads the active gene to
avoid repressed partners. PcG simulations show that the experimental data can be well
described by a microphase-separated polymer in the globule phase. Strikingly, the model
also shows that these interactions are mostly pairwise, in agreement with our experimen-
tal results. We sought to determine if the model could reproduce the behaviour of Hox
clusters upon the activation of the genes contained. The beads corresponding to BX-C
genes were switched from Polycomb to active (U=0), following their known behaviour in
the zones of the embryo where they become active. The results obtained from modeling
show a remarkable similarity with experimental data. Thus, a simple polymer model can
describe many experimental observations. Furthermore, the polymer microphase separa-
tion phenomenon observed in the model is consistent with PcG TADs forming discrete
3D chromosomal units [Szabo et al., 2018]. Polymer microphase separation is observed
both in WT and PcXT109 null mutant embryos, showing that other factors than Pc
are involved in long range PcG interactions. These factors may possibly involve proteins
implicated in the formation of heterochromatin, active, or black compartments, such as
HP1 [Zenk et al., 2021], chromatin insulators, cohesin, transcription hubs, or other sub-
units of the Pc- or trithorax-group family. This suggests that the composition of PcG
compartments may be regulated by their epigenetic and transcriptional status.

We tested this hypothesis by reconstructing chromatin architecture in different embry-
onic segments, that display different epigenetic and transcriptional states. We observed
that upon activation, PcG genes tend to lose contacts with other PcG domains. To fur-
ther study the relation between gene activity and architecture, we focused on the Hox
gene clusters BX-C and ANTP-C. We observed that PcG domains display the highest
contact probabilities with other PcG targets when they are co-repressed. These inter-
actions are predominantly pairwise. Upon activation, PcG target genes display higher
physical distances (i.e. lower contact probabilities) with other genes inside the domain.
This is consistent with previous observations on a limited number of targets [Lanzuolo
et al., 2007, Bantignies et al., 2011, Cheutin and Cavalli, 2018]. Furthermore, we show
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that non-Hox PcG domain interactions are also higher when the target genes are co-
activated. This is consistent with a previous work using a small number of targets [Li
et al., 2013]. Overall, our evidence shows that the spatial proximity of PcG targets is
defined by their transcriptional state, both in repressed and active states. A possibility
that should be explored in the future is whether Trithorax group proteins (TrxG) may
be involved in co-active interactions, since their active role in PcG eviction, and their
known molecular interactions with PcG proteins [Kadoch et al., 2017, Stanton et al.,
2017, Strübbe et al., 2011]. Indeed, TrxG and PcG proteins may cooperate to fine tune
gene expression. Furthermore, other factors like the cohesin complex or the GAGA-factor
(GAF) have been also shown to play a role in the formation of Polycomb loops [Ogiyama
et al., 2018] or in the interaction with PcG proteins [Strübbe et al., 2011], and have been
implicated in gene activation and repression [Dorsett, 2009, Dorsett, 2019]. Their role in
shaping PcG architecture should also be explored.

Future experiments that will help us better understand PcG organization include the
study of other chromatin types (i.e. active and black) to better understand their role in
shaping PcG domain architecture. In particular, it will be interesting to quantify the ar-
chitecture of those domains in PcXT109 embryos, to quantify their effect in constraining
and shaping PcG organization. Furthermore, perturbations of insulator binding proteins
and/or binding sites may help to understand to what extent PcG architecture is solely
dependent on PcG proteins.

As mentioned above, we showed that co-expressed genes display a higher physi-
cal proximity. This may depend on trithorax-group proteins [Kingston and Tamkun,
2014, Schuettengruber et al., 2017]. An interesting experiment to extend this results
would be to image a fly line lacking the trithorax (trx) subunit of the TrxG complex, a
subunit with chromatin-remodelling and enzymatic activity, to explore whether this mu-
tation leads to a perturbed co-expressed target architecture. Other interesting subunit
with similar activity that should be investigated is brahma (brm). Another interesting
open question relates to the correlation between PcG activation state and PcG archi-
tecture. Our data only shows that there’s a correlation, not being able to discern a
cause-effect role. Optogenetic approaches like LADL, where long-range chromatin loops
can be generated upon exposure to blue light [Kim et al., 2019], combined with live imag-
ing and post imaging RNA-seq may be a good way to study their relationship. Recently,
mammalian PcG-mediated long-range interactions were proposed to involve liquid-liquid
phase separation (LLPS), since PcG proteins have been shown to form phase separated
condensates in vitro and in vivo [Seif et al., 2020, Plys et al., 2019, Tatavosian et al.,
2019]. An interesting hypothesis to pursue is whether LLPS plays a role on establishing
and maintaining PcG domain interactions both in mammals and Drosophila. Further
experiments are needed to test if PcG proteins form phase separated condensates in
Drosophila, and if this drives PcG architecture. Future research will be needed to clarify
this important question. Approaches like OptoDroplets [Shin et al., 2017] allow to induce
phase separation in vivo. These methods could be used to induce phase separation of
Polycomb Group proteins in vivo, to further explore the relation of phase separation of
PcG proteins and gene repression.

Finally, another interesting question regards the deposition of PcG proteins during
cell division. It could be interesting to study whether and how PcG domain architecture
may be passed from one cell generation to the next one. It has been shown that PcG
proteins remain bound to DNA during DNA replication in vitro [Francis et al., 2009],
particularly proteins of the PRC1 group. Interestingly, it has also been shown that PcG
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proteins affect physical structure and replication timing [Lo Sardo et al., 2013]. However,
it is not known whether this implies conservation of architecture. The monitoring of
chromatin state and architecture during cell division using the imaging approaches that
we developed may show how architecture and repressed states are passed to daughter
cells, and how this affects cell identity.
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4 Materials and Methods

4.1 Domain selection and Library design

A portion of 15 Mb of chromosome 3R was selected. A 3 node self-organizing map (SOM,
‘kohonen’ R package) was used to produce a 3-way segmentation of 10 Kb genome wide
bins. Each bin was scored based on the average ChIP-seq read counts of H3K27me3,
H3K4me3 and H3K36me3 from 14-16 hr embryos (modEncode, 3955 H3K27me3, Embryos-
14-16 hr, OregonR, ChIP-seq; modEncode, 5096: H3K4me3, Oregon-R, Embryos 14-16
hr OR, ChIP-seq; 4950: H3K36me3, Oregon-R, Embryos 14-16 hr OR, ChIP-seq). Each
SOM node was treated as a discrete cluster and contiguous bins assigned to the same
node were merged into one epi-domain. Only epi-domains of a size equal or bigger to 20
kb were selected.

For PcG domains, these epi-domains were later re-selected based on the enrichment
of H3K27me3 (modEncode, 3955 H3K27me3, Embryos-14-16 hr; OregonR;ChIP-seq),
and of PRC1 subunits PC, PH for embryos of 16 - 18 hrs of development (coming from
Schuettengruber B, et. al, 2014, accession number GSE60428) and PSC (modEncode,
3960: Psc;Oregon-R;Embryos 14-16 hr OR;ChIP-seq, D. melanogaster). Domains having
peaks of at least two of these PRC1 subunits were kept. They were also visually inspected
using Hi-C maps from [Ogiyama et al., 2018].

For active domains, they were re-selected based on the enrichment of H3K4me3
and H3K36me3 (modEncode, 5096: H3K4me3;Oregon-R;Embryos 14-16 hr OR;ChIP-
seq; 4950: H3K36me3; Oregon-R; Embryos 14-16 hr OR ;ChIP-seq), and they were also
visually inspected using Hi-C maps from [Ogiyama et al., 2018].

For inactive domains, they were selected based on the absence of the aforementioned
epigenetic marks.

The criteria used to design the libraries is the following:

• Domains between 20 kb - 100 kb: This domains have one 15 kb probe, centered in
the middle of the domain, and not necessarily centered in or covering a PcG protein
peak.

• Domains between 100 kb - 200 kb: These domains are covered by two 15 kb probes.
They target PcG protein peaks inside the domain.

• Domains bigger than 200 kb: These domains are covered by three 15 kb probes,
located in the same way as those 100 kb - 200 kb.

To study the Intra-Domain organization of Hox genes domains (which have a clear
and defined pattern of expression), three particular exceptions were made:

• ANTP-C: It contains 5 probes targeting the promoters of the ANT-C genes: lab,
pb, Dfd, Scr, Antp.

• BX-C: It contains 3 probes targeting the prominent PcG protein peak in bxd,
abd-A, Abd-B.

• NK-C: It contains 3 probes targeting promoters of lbe/lbl, C15 and slou.

One extra domain was selected as fiducial mark for drift correction. A total of 89
barcodes is needed to target all libraries (19 PcG, 39 active and 31 inactive, 1 fiducial
mark).
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4.2 Library synthesis and amplification

The library synthesis method is based on a development by Beliveau et al [Beliveau
et al., 2012]. After selecting the genomic regions of interest, a database of genomi-
cally unique, non overlapping sequences was used to generate the Oligopaint primary
probes (Oligopaints website, https://oligopaints.hms.harvard.edu/). They were mined
using OligoArray [Rouillard et al., 2003]

Each Oligo of the library is made of 148 nucleotides (nt), and consists of (from 5’ to
3’):

• A 22-nt forward universal primer region for library amplification.

• A 20-nt readout region, unique for each 15 kb targeted region.

• A 2-nt spacer.

• A 20-nt readout region, unique for each 15 kb targeted region.

• A 42-nt region of homology to chromosomal DNA.

• A 20-nt readout region, unique for each 15 kb targeted region.

• A 22-nt unique reverse primer for library amplification.

An Oligopool with all the nucleotides used was ordered from Custom Array. The
procedure to amplify the library consists in four steps:

1. PCR amplification of the Oligopaints library using a reverse primer that adds the
T7 promoter sequence

2. Conversion of the PCR product to RNA via an in-vitro transcription using T7
polymerase.

3. Generation of single-stranded DNA (ssDNA) via reverse transcription.

4. Degradation of the RNA template using alkaline hydrolysis.

The following reagents are needed:

• KAPA Taq Kit with dNTPs (CliniSciences, cat. no. BK1003)

• HiScribe T7 High Yield RNA Synthesis Kit (New England BioLabs, cat. no.
E2040S)

• Maxima H Minus reverse transcriptase kit (Fisher Scientific, cat. no. 13243159)

• dNTP set (100 mM) solution (Fisher Scientific, cat. no. 10083252)

• RNasin ribonuclease inhibitor (Promega, cat. no. N2515)

• Oligo Clean & Concentrator Kit (Zymo, cat. no. D4060)

• DNA Clean & Concentrator Kit (Zymo; 25µ g capacity, cat. no. D4033, 100µ g
capacity, cat. no. D4029)
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• SYBR Safe Nucleic Acid Gel Stain (Invitrogen, cat. no. S33102)

• RNA loading dye (2×, New England BioLabs, cat.no. B0363S)

• Low-range ssRNA ladder (New England BioLabs, cat. no. N0364S)

• SYBR Gold Nucleic Acid Gel Stain (Fisher Scientific, cat. no. S11494)

• Agarose (standard DNA grade; Euromedex, cat. no. D5-E)

• GeneRuler 100-bp DNA ladder (Fisher Scientific, cat. no. SM0243)

• Ammonium acetate (5 M, Fisher Scientific, cat. no. 10534645)

• TEMED (Thermo Scientific, cat. no. 17919)

• Acrylamide/bis-acrylamide (19:1, 40% (wt/vol)) solution (Fisher Scientific, cat. no.
BP1406-01)

• Cetyl PEG–PPG-10–1 dimethicone (ABIL EM 90; Evonik)

• Diethyl ether (Sigma-Aldrich, cat. no. 296082)

• Ethyl acetate (Sigma-Aldrich, cat. no. 270989)

To perform the amplification, the following solutions should be prepared beforehand:

• PCR Oil Phase: The final concentrations is 95.95:4:0.05 v/v/v mineral oil/ABIL
EM-90/Triton X-100.

• Water-saturated diethyl ether: Mix 3 mL of diethyl ether with 3 mL of ddH2O
and vortex for 30 s. Allow the mixture to settle and use the organic upper phase.
Prepare freshly.

• Water-saturated ethyl acetate: Mix 2 mL of ethyl acetate with 2 mL of ddH2O
and vortex for 30 s. Allow the mixture to settle and use the organic upper phase.
Prepare freshly.

• 1 M NaOH solution: Weigh 2 g of NaOH, mix it with 30 mL of ddH2O in a
50-mL Falcon tube and dissolve. Bring the volume to 50 mL with ddH2O and pass
the solution through a 0.22-µ m filter.

• 0.5 M EDTA solution: To prepare 200 mL, weigh 37.23 g of EDTA and mix it
with 150 mL of ddH2O in a glass beaker. Add a magnetic stir bar and stir while
adjusting to pH 8 with 10 M NaOH. Add ddH2O up to 200 mL. Filter the solution
with a 0.22-µ m filter. Store at 4 °C.

• Gel for urea PAGE: To make the gel, mix 6 g of urea, 1.25 mL of TBE 10×
and 3.5 mL of ddH 2 O. Heat the solution at 60 °C in a water bath until the urea
dissolves. Add 3.125 mL of crylamide/bisacrylamide, 75 µ L of 10% (w/vol) APS
and 15 µ L of TEMED. Cast the polyacrylamide gel in 0.75-mm-thick spacers.
Prepare freshly.

The protocol is detailed below:
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1. Perform an emulsion PCR, to amplify the starting oligo pool in a non-biased man-
ner. To do this, first prepare a PCR master mix for the library to amplify:

Reagent Quantity (µ L)

ddH2O 79
10× Kapa Taq buffer A 10

BSA (10 µ g/µ L) 5
dNTPs (10 mM) 2

Forward Universal primer (200 µ M) 1
Reverse primer with T7 (200 µ M) 1

Kapa polymerase enzyme a (5 U/µ L) 1
Oligo pool library (10–30 ng/µ L) 1

Total 100

2. All these steps should be performed at 4°C. Pre-chill a 2mL glass flask in the freezer,
then place it on the center of stir plate. Add a pre-cooled stir bar to the flask. Using
a positive-displacement pipette, transfer 600 µL of PCR oil phase to the glass vial.
Stir at 1000 r.p.m. for 1 min. While still stirring, add the 100 µ L of PCR master
mix in 20-µL steps. Stir at 1000 r.p.m. for 10 min. At the end the emulsion
should appear white and foamy. Using a positive-displacement pipette, transfer the
emulsion to a PCR strip tube ( 8 × 75-µL).

3. Perform the PCR, using the following conditions:

Cycle Denature Anneal Extend

1 95 °C, 2 min - -
2–31 95 °C, 15 s 60 °C, 15 s 72 °C, 20 s
32 - - 72 °C, 5 min

4. Small-scale emulsion PCR breaking: Group the emulsion PCR reactions in a 1.5-
mL tube. Add 1 µ L of gel loading buffer (to visualuze the aqueous phase in the
next step). Add 200 µ L of mineral oil and vortex for 30 s. Centrifuge at 16000g
for 10 min at RT and discard the upper phase.

5. Add 1 mL of water-saturated diethyl ether and vortex for 1 min. Centrifuge at
16000g for 1 min at RT and discard the upper phase.

6. Add 1 mL of water-saturated ethyl acetate and vortex 1 for min. Centrifuge at
16000g for 1 min at RT and discard the organic upper phase.

7. Repeat Step 5. Incubate the tube at 37 °C for 5 min with the cap open to evaporate
residual diethyl ether. The final volume should be 80 µ L.

8. Purify the DNA with the Oligo Clean & Concentrator Kit. Mix 80 µ L of DNA
from the preceding step with 160 µL of Oligo Binding Buffer and 320 µ L of ethanol.
Homogenize the solution by pipetting up and down 10 times. Follow the manufac-
turer’s instructions up to the DNA elution step. Repeat the elution with an extra
15 µ L of water and then add 20 µL of water directly into the tube to obtain a final
volume of 50 µ L (two 15µL elutions + 20µL water). This is the template emulsion
PCR.
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9. Quantify the DNA concentration with a spectrophotometer by directly taking 2 µL
of purified PCR product. The concentration should be between 20 and 40 ng/µL.

10. Run a gel electrophoresis to check for the presence of a single band, using 200 ng
of PCR product in a 1.5% (w/vol) agarose gel with 0.01% (vol/vol) SYBR Safe at
100 V for 45 min.

11. Prepare 8 tubes of the following reaction mix for the small-scale limited-cycle PCR.

Reagent Quantity per tube (µ L)

10× Kapa Taq buffer A 5
dNTPs (10 mM) 1

Forward Universal primer (100 µ M) 0.5
Reverse primer with T7 (100 µ M) 0.5

Template emulsion PCR (1 ng/µ L) 2.5
Kapa DNA polymerase a (5 U/µ L) 0.5

ddH2O Bring to a final volume of 50 µ L

12. Run the following PCR program:

Cycle Denature Anneal Extend

1 95 °C, 5 min - -
2–15 95 °C, 30 s 60 °C, 45 s 72 °C, 30 s

Pick the corresponding tube after each of the cycles 8–15, just after the extension
phase. This is performed to find the cycle number at which the PCR is still at its
exponential phase.

13. To find the number of amplification cycles required to obtain a single band on the
expected size and maximum intensity, run 20 µ L of each PCR product on a 1.5%
(w/vol) agarose gel with 0.01% SYBR Safe at 100 V for 45 min.

14. Perform a large-scale limited-cycle PCR by preparing a reaction mix for 16 tubes
as indicated in the table below. This PCR reaction will generate a large quantity
of Oligopaints.

Reagent Quantity (µ L)

10× Kapa Taq buffer A 80
dNTPs a (10 mM) 16

Forward primer (100 µ M) 8
Reverse primer (100 µ M) 8

Kapa DNA polymerase a (5 U/µ L) 8
ddH2O 640

Template emulsion PCR (1 ng/µ L) 40

Split the volume of the PCR mix into 16 PCR tubes (50µ L each) and run the PCR
program from step 12, using the optimized number of cycles determined in step 13.
Add a last extension cycle of 5 min at 72 °C.
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15. Collect the 50µ L aliquots from the preceding step into a 15mL Falcon tube and
run 20µ L of it in an agarose gel as in Step 13 to check that the PCR was successful.

16. Perform a DNA column purification according to the manufacturer’s instructions.
Elute using 30 µ L of DNase- and RNase-free water. This is the purified PCR
product (dsDNA). Prepare 20µ L of a 1:10 dilution of the stock product, and
quantify the concentration. The concentration of the undiluted stock should be
between 30 and 50 ng/µ L.

17. Run the remainder of the 1:10 dilution on a 1.5% agarose gel as in Step 10.

18. In vitro transcription: prepare the reaction mix indicated below. It will be used to
convert the DNA template into RNA. It is necessary to ensure RNAse-free condi-
tions.

Reagent Quantity (µ L)

Purified PCR product 6 µ g of template DNA
ATP (100 mM) 6
UTP (100 mM) 6
CTP (100 mM) 6
GTP (100 mM) 6
10× T7 buffer 6

RNasin ribonuclease inhibitor (40 U/µ L) 2.25
HiScribe T7 polymerase 6

ddH2O Bring to a final volume of 60 µ L

19. Split the in vitro transcription solution into 3 PCR tubes and incubate at 37 °C for
12–16 h in a thermocycler. This is the non purified transcription product.

20. Take 5 µ L of in vitro transcription product and purify it with an Oligo Clean
& Concentrator Kit according to manufacturer’s instructions. Elute the purified
product using 15 µ L of DNase- and RNase-free water.

21. Make a 1:10 dilution to quantify the purified RNA concentration. The concentration
should be between 0.5 and 2 µ g/µ L. The total yield of the in vitro transcription
step should be 150–450 µ g from a single transcription step (60 µ L in total).

22. Check for the RNA quality by urea PAGE. Perform a pre-run for 30 min in 1×
TBE at 190 V to eliminate the excess of persulfate. When finished, wash the wells
with the running buffer. Heat the sample at 95 °C for 5 min and put it immediately
on ice for 2 min. Load 100 ng of purified RNA per lane. Run the gel for 1 h at 190
V. For gel staining, incubate, protected from light, for 20 min at RT in 30 mL of
1× TBE and 3 µ L of SYBR Gold.

23. Prepare the reaction mix indicated below. Perform the reverse transcription reac-
tion according to the Maxima H reverse transcriptase kit instructions.
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Product Quantity (µ L)
Non-purified transcription product 150 µ g

dNTP mix (100 mM) 12
Forward primer (100 µ M) 50

5× RT buffer 240
RNasin ribonuclease inhibitor (40 U/µ L) 30

Maxima H Minus reverse transcriptase b (200 U/µ L) 30
ddH2O Bring to a final volume of 1200µ L

For this step, directly use the non-purified RNA from Step 21. Always keep RNA
on ice to prevent degradation.

24. Split the volume obtained in the preceding step into two 1.5-mL tubes and incubate
for 3 h at 50 °C in a water bath.

25. Degradate RNA by adding 300 µ L of 0.5 M EDTA and 300 µ L of 1 M NaOH to
each tube and incubating the tubes at 95 °C for 15 min in a water bath.

26. Take a 10µ L aliquot to control for DNA concentration and to perform a gel elec-
trophoresis.

27. DNA probe purification: Mix the two aliquots from Step 25 in a 50mL Falcon tube.
Add 4.8 mL of Oligo Binding Buffer and 19.2 mL of ethanol. Homogenize by invert-
ing the tube a few times and spread over two columns. Follow the manufacturer’s
instructions from this point on.

28. Take a 10µ L aliquot to measure the DNA concentration and to perform a gel
electrophoresis. The concentration should be between 250 and 400 ng/µ L, that is,
75–120 µ g of ssDNA in total in 300 µ L of DNA elution.

29. Ethanol precipitation: Directly add to the 300-µ L DNA elution from Step 27 (2
×150 µ L) 24 µ L of 5 M ammonium acetate, 6 µ L of glycogen and 750 µ L of 100%
(vol/vol) ethanol at −20 °C. Vortex and incubate for 1 h at −80 °C. Centrifuge at
13000g for 1 h at 4 °C. Discard the supernatant and wash the pellet with 1 mL of
ice-cold 70% ethanol (vol/vol). Centrifuge at 13000g for 15 min at 4 °C. Discard
the supernatant, air-dry the pellet for 10 min at 37 °C and add 20 µ L of DNase-
and RNase-free water. Let the ssDNA resuspend for 10 min at 37 °C, and then
keep on ice.

30. Quantify the oligos ssDNA concentration. The total quantity of ssDNA should be
on the order of 80–120 µ g.

31. Check the quality of the ssDNA by urea PAGE. This step enables verification of
RNA degradation and the efficacy of the reverse transcription step.

The concentration and quality of the product are monitored during the different steps
to ensure the success of the process. Probes are stored at –20 °C for future use.
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Figure 13: Primary oligos scheme. The region of genomic homology is surrounded by readout sequences (where comple-
mentary adaptor oligos bind), and the primers for PCR amplification.

4.3 Adaptor oligos

Adaptor oligos are made of 62 base pairs. They bind on one side to the readout sequences
of the primary oligos, and in the other to imaging oligos that carry the fluorophore. They
consist in:

• A binding region of 20 bp, that is complementary to the binding site on the primary
oligos.

• A bridge of 10 bp.

• A binding site for the imaging oligo, of 32 bp.

Figure 14: Adaptor oligos scheme. Their sequence is complementary to the primary library on one side, and in the other,
to the imaging oligos. The region in-between (bridge) is used to bind displacement oligos.

The bridge is used to bind a displacement oligo. A displacement oligo consists in
the complementary sequence of the bridge, followed by the complementary sequence of
the Binding region on the adaptor oligos. When injected at the proper concentration (in
excess), they bind the adaptor oligo. The adaptor oligo bound by a displacement oligo
can then be washed out, removing with it the fluorophore in the imaging oligo. This
technique was first used in Mateo et. al. [Mateo et al., 2019], and it is used in our work
to remove the fluorescent signal from the fiducial mark every 10 cycles, to avoid bleaching
and ensure an optimal signal intensity. To remove the fluorescent signal from barcodes,
a chemical bleaching step was performed (see DAPI and barcodes acquisition section).

The imaging oligo consists in a 32-mer complementary to the binding region in the
adaptor oligo, followed by a cleavable Alexa-647 fluorophore.
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Figure 15: Displacement strategy

Fiducial marker imaging oligo consists in a 32-mer complementary to the binding
region of the corresponding adaptor oligo, followed by a non-cleavable Rhodamine Red
fluorophore. Adaptor, displacements and imaging oligos were synthesized by Integrated
DNA Technologies (IDT; Coralville, USA). Their sequences can be found in Appendix
X.

4.4 Embryo collection and fixation

For this work, Oregon-R w[1118] flies were used for the WT strain. For the mutant
line, the PcXT109 strain was used. It consists in a null mutant [Franke et al., 1995] that
was balanced over the KrGFP-TM3 Sb balancer (TKG: obtained from BL#5195 of the
Bloomington Drosophila Stock Center).

The full protocol can be found at our Nature Protocols paper [Cardozo Gizzi et al.,
2020]

The following reagents are needed:

• Dry yeast, fine (Lab Scientific, cat. no. FLY-8040-20F)

• Dulbecco’s phosphate-buffered saline (PBS; Gibco, cat. no. 14190169)

• Paraformaldehyde solution, methanol free (32% (w/vol); Electron Microscopy Sci-
ences, cat. no. 15714)

• Methanol (Fisher Chemical, cat. no. A412-4)

• Clorox Ultra Germicidal Liquid Bleach (Fisher Scientific, cat. no. 50371500)

• Heptane (Fisher Chemical, cat. no. O3008-4)

• Apple juice

The following materials need to be prepared:

• Yeast paste: Dissolve 25 g of fine dry yeast powder in 20 mL of water. Add enough
water to achieve a consistency similar to that of peanut butter. Store it at 4 °C for
up to 2 weeks.

• Apple juice plates: To make the agar–apple juice plates, fill plastic Petri dishes
halfway with agar mixed with apple juice. Apple juice plates can be stored at 4 °C
for 1 month.

Flies were grown on standard cornmeal yeast media at 21°C. The protocol for embryo
collection and fixation used is described below:
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1. Place flies into an egg-collection cage, with an apple juice plate containing a dollop
of yeast paste and prewarmed to 25 °C. Perform an O/N pre-laying step.

2. Replace the plate with a new one containing a dollop of yeast paste prewarmed
to 25 °C. Perform a laying step and incubation for the time corresponding to the
desired developmental stage:

• For embryos in stage 15 - 16: laying for 4 h at 25 °C. Then remove the plate
and incubate it for 12 h at 25 °C. This was done both for WT embryos and
PcXT109 mutant embryos. For PcXT109 mutant embryos, GFP-minus ho-
mozygous mutant Pc embryos were selected on an agar plate under a GFP
binocular.

• For embryos in stage 5: laying for 1:30 h at 25 °C. Then remove the plate and
incubate it for 1 h at 25 °C. This was done for WT embryos.

3. Rinse the plate with ddH2O. Detach embryos carefully using a soft brush. Filter
the liquid with a Nylon filter. The embryos will remain on the filter.

4. Prepare a six-well plate with one well containing bleach at 2.6% active chlorine, and
the other five containing water. Put the filter with the embryos into the bleach-
containing well and incubate for 5 min. Then rinse the embryos by sequentially
immersing the Nylon filter into each of the water-containing wells. Dry embryos
between steps by pressing on a paper tissue.

5. Using 5 mL of 4% (vol/vol) paraformaldehyde in PBS, rinse the filter and displace
the embryos into a 20-mL glass vial. Add 5 mL of heptane to the vial, then close
and vigorously shake it manually for 30 s. The cap of the vial may be covered with
Parafilm to avoid leakage of the paraformaldehyde and heptane solution inside.
Incubate the embryos for 20 min at RT into the shaker at 200 rpm.

6. Use a glass Pasteur pipette to aspirate the lower aqueous phase from the bottom
of the vial and discard it. Add 5 mL of methanol and vortex the glass vial for 15
s. Use a glass Pasteur pipette to transfer the embryos from the bottom of the glass
vial to a 1.5 mL tube.

7. Wash the embryos three times with 1 mL of methanol.

The embryos can then be stored in methanol at -20 °C for several months. The next
step is the Hi-M library hybridization, although an immunostaining can be performed
before.

4.5 Hybridization of Hi-M library

The following reagents are needed:

• Mineral oil (500 mL; Sigma-Aldrich, cat. no. M5904)

• Triton X-100 (250 mL; Sigma-Aldrich, cat. no. T8787)

• Tween 20 (500 mL; Sigma-Aldrich, cat. no. P2287)

• Dulbecco’s phosphate-buffered saline (PBS; Gibco, cat. no. 14190169)
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• Saline–sodium citrate buffer (SSC; 3 M NaCl in 0.3 M sodium citrate; 20×; Thermo
Fisher Scientific, cat. no. AM 9770)

• Tris base (BM grade; Euromedex, cat. no. 200923-A)

• Sodium chloride (NaCl; 99.5%; Euromedex, cat. no. 1112-A)

• Sodium dihydrogen phosphate, dihydrate (NaH2PO4 − 2H2O ; Euromedex, cat.
no. T879)

• Deionized formamide (100 ml; Amresco, cat. no. 0606)

• RNase A (Sigma-Aldrich, cat. no. R6513)

• Dextran sulfate (Sigma-Aldrich, cat. no. D8906)

• Salmon sperm DNA (Ambion, cat. no. AM9680)

For this step, some solutions need to be prepared in advance. Unless otherwise indi-
cated, they should be prepared freshly:

• 10% Tween 20: Mix 50 µ L of Tween 20 with 450 µ L of ddH¡sub¿2¡/sub¿O.
Homogenize.

• PBT: Combine 49.5 mL of PBS with 500µ L of 10% Tween 20 (vol/vol) solution.

• PBS-Triton: Mix 50 µ L of Triton X-100 with 10mL of PBS. Homogenize.

• Prehybridization mixture (pHM): This solution consists in 50% formamide,
2× SSC, 100 mM NaH2O4, pH 7, and 0.1% Tween 20 (vol/vol).

• DNA hybridization solution (DHS): This solution consists in 2× SSC, 50%
(vol/vol) formamide, 10% (vol/vol) dextran sulfate and 0.5 mg/mL salmon sperm.
It can be stored at -20 °C for several months. Prewarm at 37 °C before use.

1. Rehydrate the embryos by incubating them sequentially for 5 min at RT on a
rotating wheel, using 1 mL of each of the following solutions: (i) 90% methanol,
10% PBT; (ii) 70% methanol, 30% PBT; (iii) 50% methanol, 50% PBT;(iv) 30%
methanol, 70% PBT; (v) 100% PBT.

2. Incubate the embryos with 1 mL of PBT, 100 µ g/mL RNase for 2 h at RT on a
rotating wheel.

3. Permeabilize the embryos by incubating them with PBS-Triton for 1 h at RT on a
rotating wheel.

4. Transfer the embryos to pHM by passing them through 1 mL of each of the following
solutions: (i) 80% PBS-Triton, 20% pHM; (ii) 50% PBS-Triton, 50% pHM; (iii) 20%
PBS-Triton, 80% pHM; (iv) 100% pHM. Incubate for 20 min at RT on a rotating
wheel for each step.

5. Prepare the primary DNA probe by adding 225 pmol of Oligopaints library to 25 µ
L of DHS. Keep the mix on ice. Denature the primary DNA probe by incubation
for 15 min at 80 °C in the thermal mixer without mixing.
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6. Carefully remove the pHM solution from the tube and discard it; then add 1 mL of
fresh pHM. Denature the embryonic DNA by incubating embryos for 15 min at 80
°C in a water bath.

7. Transfer embryos to a 500 µ L PCR tube. Carefully remove the pHM solution and
discard it; then add 30 µ L of the denatured probes from step 5. Mix by gently
flicking the tube with a finger. Place embryos in a thermocycler, and incubate O/N
with the following program: 43 cycles of 10 minutes, with a temperature drop of -
1°C/cycle, then incubation at 37°C indefinitely. In contrast to other protocols, using
a thermocycler allows to avoid covering the embryos with mineral oil to prevent
evaporation of the solutions.

8. Transfer embryos back to a 1.5 mL tube. Add 500 µ l of 50% (vol/vol) formamide,
2× SSC to the embryos tube. Wait for the embryos to sediment. Carefully remove
the supernatant and discard it.

9. Perform post-hybridization washes by passing the embryos through 1mL of each of
the following freshly made solutions: (i) 50% (vol/vol) formamide, 2× SSC; repeat
this wash once; (ii) 40% (vol/vol) formamide, 2× SSC; (iii) 30% formamide, 70%
PBT; (iv) 20% formamide, 80% PBT; (v) 10% formamide, 90% PBT; (vi) 100%
PBT; (vii) 100% PBS-Triton. Perform washes (i–iv) for 20 min at 37 °C in a thermal
mixer with agitation (900 r.p.m.); perform washes (v–vii) for 20 min at RT on a
rotating wheel.

10. Rinse the embryos with 1 mL of PBT. Crosslink the Oligopaint library by incubating
the embryos with 1 mL of 4% (wt/vol) paraformaldehyde in PBT for 30 min at RT
on a rotating wheel.

11. Rinse the embryos with 1 mL of PBT, the rinse them 3 times with 1 mL PBS.

DNA-labeled embryos can be stored for several weeks at 4 °C. Once the Oligopaints
library has been hybridized, the fiducial mark should be hybridized and the DAPI staining
performed. In my experiments I found a higher labeling efficiency when the fiducial
mark was hybridized on the microfluidics chamber of the microscope (see experimental
design). In order to do so, embryos need to be attached to a coverslip and mounted in
the microfluidics chamber.

Before describing the protocol for those steps, I’ll describe an optional immunostaining
step. In my experiments it was used to perform an immunostaining against Pc protein.

4.5.1 Optional: Immunostaining

The following reagents are needed:

• Dulbecco’s phosphate-buffered saline (PBS; Gibco, cat. no. 14190169)

• BSA (Roche, cat. no. 10711454001)

If an immunostaining is to be performed, the following solutions need to be pre-
pared:

• PBT solution: To prepare this solution, see the ”Hybridization of Hi-M library”
section.

88



• Blocking Solution: This solution consists in 1% BSA (weight/vol) in PBT.

• Primary Antibody solution: Dilute primary antibody at 1/200 in blocking
solution.

• Secondary Antibody solution: Dilute the secondary antibody at 1/500 in block-
ing solution.

For this step, I used the following antibodies:

• Primary Antibody: a PC rabbit polyclonal antibody (described in [Bantignies et al.,
2011].

• Secondary Antibody: Invitrogen, ref. A11070.

The protocol I followed to perform the immunostaining is described below. It is
adapted from [Bantignies and Cavalli, 2014]

1. Incubate embryos in 1 mL PBT during 30 min at RT on a rotating wheel.

2. Discard the previous solution and incubate embryos in blocking solution during 2
hours at RT on a rotating wheel.

3. Discard the previous solution and incubate embryos in primary antibody solution
O/N on a rotating wheel at 4 °C.

4. Wash embryos 2 times with 1 mL of PBT, then incubate them in PBT for 20 min
at RT on a rotating wheel.

5. Icubate embryos in blocking solution for 20 min at RT on a rotating wheel.

6. Discard the previous solution and incubate embryos in secondary antibody solution
during 2h at RT on a rotating wheel.

7. Wash the embryos in PBT for 20 min at RT on a rotating wheel. Repeat this step.

4.6 Attachment of embryos to coverslip and mounting into mi-
crofluidics chamber

The following reagents are needed:

• Poly- L -lysine solution (Sigma-Aldrich, cat. no. P8920)

• Acetone (Merck, cat. no. 1000122500)

• Ethanol (Fisher Chemical, cat. no. 10680993)

• Microscope coverslips (Bioptechs, cat. no. 40-1313-0319)

• Agarose (standard DNA grade; Euromedex, cat. no. D5-E)

Prepare a 3% agarose gel in a petri dish. It will be used to place embryos before
attachment to coverslips.
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1. Wash a coverslip sequentially with acetone, ethanol and water and dry it with a
flame from a Bunsen burner by smoothly passing the coverslip over the flame three
or four times. Place the dry coverslip into a 35-mm plastic dish.

2. Add 1 mL of poly- L -lysine solution (1:10 dilution in ddH2O) to the coverslip and
incubate for 20 min at RT. Afterwards, rinse the coverslip with ddH2O, and dry it
using compressed air.

3. Cut a piece of agarose and put it under the binocular microscope. Transfer 20–30
embryos to the agarose pad. Align them carefully using metal tweezers, then dry
the pad with a paper tissue to absorb the surrounding liquid.

4. Attach the embryos to the coverslip by gently pressing it against the agarose pad.

5. Put the coverslip into a 35-mm plastic dish, with embryos facing up, and fill it with
2X SSC until ready for chamber assembly.

After this step, the microfluidics system of the microscope is washed sequentially with
water and 2X SSC, to remove the ethanol solution in which the microfluidics is kept. Then
embryos are placed into the microfluidics chamber. Then chamber is then slowly filled
with 2X SSC, preventing embryos from drying. The next step is to proceed to fiducial
mark staining and DAPI staining.

4.7 Fiducial mark and DAPI staining

For this step, the following solutions need to be prepared:

• Wash buffer: it consists in 2× SSC, 40% (vol/vol) formamide. It should be
prepared freshly and filtered using a 0.22µm filter. Once prepared it can be stored
at 4 °C for several weeks.

• DAPI solution: Prepare a 0.5 µg/mL DAPI solution in 1× PBS by diluting the
stock solution.

• Fiducial mark mix: mix 0.6 µ L of the corresponding adaptor, and 0.6 µ L of
the corresponding imaging oligo. In my experiments, the imaging oligo carries a
Rhodamine Red fluorophore.

• Fiducial mark solution: Add the fiducial mark mix to a 2 mL tube containig 2
mL of wash buffer.

1. Fill the chamber with fiducial mark mix, at a rate of 100 µ L/min. When 1.8 mL
passed through the chamber, stop the flux, and incubate for 30 min.

2. Wash with 1.5 mL of wash buffer at a rate of 150 µ L/min.

3. Remove the wash buffer by passing 2 mL of 2X SSC at a rate of 150 µ L/min.

4. Inject 2 mL of DAPI solution at a rate of 150 µ L/min. Incubate for 30 min.

5. Remove DAPI solution by passing 2 mL of 2X SSC at a rate of 150 µ L/min.

After these steps, we’re ready to begin the selection of ROIs and to launch the exper-
iment.
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4.8 Microscope setup

Experiments with NC14 embryos were performed on a home-made wide-field epifluo-
rescence microscope built on a RAMM modular microscope system (Applied Scientific
Instrumentation) coupled to a microfluidic device as described previously [Cardozo Gizzi
et al., 2020, Cardozo Gizzi et al., 2019]. Samples were imaged using a 60x Plan-Achromat
water-immersion objective (NA = 1.2, Nikon, Japan). The objective lens was mounted
on a closed-loop piezoelectric stage (Nano-F100, Mad City Labs Inc. - USA). Illumina-
tion was provided by 3 lasers (OBIS-405/640 nm and Sapphire-LP-561 nm, Coherent –
USA). Images were acquired using a sCMOS camera (ORCA Flash 4.0V3, Hamamatsu –
Japan), with a final pixel size calibrated to 106 nm. A custom-built autofocus system was
used to correct for axial drift in real-time and maintain the sample in focus as previously
described ([Cardozo Gizzi et al., 2019]). A fluidic system was used for automated se-
quential hybridizations, by computer-controlling a combination of three eight-way valves
(HVXM 8-5, Hamilton) and a negative pressure pump (MFCS-EZ, Fluigent) to deliver
buffers and secondary readout probes onto a FCS2 flow chamber (Bioptechs). Software-
controlled microscope components, including camera, stages, lasers, pump, and valves
were run using a custom-made software package developed in LabView 2015 (National
Instrument).

Figure 16: Scheme of the Airyscan experiemental setup. A peristaltic pump coupled to Hamilton valves deliver buffers to
the microfluidics chamber. The chamber is placed into the microscope.

Experiments with S15-S16 embryos were performed on an Airyscan microscope (Zeiss),
coupled to a computer-controlled fluidic system for sequential hybridizations, as shown
below. In brief, a peristaltic pump (Instech, P720) coupled to an eight-way valve (HVXM
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8-5, Hamilton) delivers the buffers into a FCS2 flow chamber (Bioptechs). Barcodes are
fixed onto a home-made rotating holder using a rotating stage (Physik Instrumente,
M-404.4PD). A needle coupled to a linear stage (Physik Instrumente, VT-80) and the
Hamilton valves is used to deliver the barcodes onto the chamber. A second peristaltic
pump (Instech, P720) is coupled to the needle and a two-way valve (HVXM 2-5, Hamil-
ton), to wash residual barcode solution from the needle between cycles. Illumination was
providede by 3 laser lines of the Airyscan microscope (405 nm, 561 nm, 640 nm).

Samples were imaged using a 63x, NA = 1.2 water-immersion objective (W DICII,
Zeiss). Illumination was provided by 3 laser lines (405/561/640 nm). Images were ac-
quired with a pixel size of 100 nm, and 0.5 µ m z-slices. A pinhole size of 62 µ m was
used. ZEN 2.3 blue edition (.NET Framework Version: 4.0.30319.42000) was used for
acquisition. Pump, valves, and stage were run using a custom-made software package
developed in LabView 2015 (National Instrument).

4.9 Image acquisition

The following reagents are needed:

• Glucose oxidase (Sigma-Aldrich, cat. no. G2133)

• Catalase (Sigma-Aldrich, cat. no. C30)

• D(+) Glucose, anhydrous (Euromedex, cat. no. UG3050)

• Sodium chloride (NaCl; 99.5%; Euromedex, cat. no. 1112-A)

• Alexa 647 readout probes (Integrated DNA Technologies, custom order) Sequences
can be found in Appendix XX and are complementary to the readout sequences.

• Rhodamine-labeled DNA oligo for the fiducial barcode readout (Integrated DNA
Technologies, custom order). Sequence can be found in Appendix XX.

• Tris(2-carboxyethyl)phosphine hydrochloride (TCEP; Sigma-Aldrich, cat. no. 646547)

• Tris base (BM grade; Euromedex, cat. no. 200923-A)

The following solutions need to be prepared:

• 1 M Tris-HCl solution, pH 8: To prepare 50 mL of this solution, mix 6 g of
Tris base with 30 mL of ddH 2 O. Using a pH meter, slowly add HCl with a glass
Pasteur pipette to reach the desired pH. Bring the volume to 50 mL with ddH 2 O,
and pass the solution through a 0.22-µ m filter. The solution can be stored at RT
for several months.

• 55 mM NaCl in 11 mM Tris-HCl solution, pH 8: To prepare 50 mL of this
solution, mix 2.75 mL of 1M NaCl solution, 0.55 mL of 1M Tris-HCl solution, pH
8, and 46.7 mL of ddH 2 O. Prepare freshly.

• Gloxy Solution: To prepare 1 mL of Gloxy solution, mix 50 mg of glucose oxidase,
100 µ L of catalase and 900 µ L of 55 mM NaCl in 11 mM Tris-HCl solution, pH
8. Store at -20 °C. This solution is stable for several months.
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• Imaging Buffer: To prepare 10 mL of solution, combine 1 mL of 50% (w/vol)
glucose with 8.89 mL of PBS and 110 µ L of Gloxy solution. The Gloxy solution
should be added just before the imaging buffer is going to be used. Once the tubing
is introduced, a layer of mineral oil is added to prevent contact with oxygen from
the ambient air. This solution should be replaced every 12–15 h.

• Chemical bleaching solution: To prepare 10 mL of chemical bleaching solution,
mix one 1-mL ampule of TCEP with 9 mL of 2× SSC.

• Barcodes mix: mix 0.6 µ L of the corresponding adaptor, and 0.6 µ L of the
corresponding imaging oligo. In my experiments, the imaging oligos for barcode
carry an A647 fluorophore.

• Readout probe solution: Add the barcodes mix to a 2 mL tube containig 2 mL
of wash buffer.

Several 200µ m X 200µ m fields of view (FOV) in the regions containing embryos were
selected, using the LabView script. Z stacks of 15 - 20 µ m were selected, with steps of
250nm in the widefield setup and 500nm in the Airyscan one.

1. Inject 1.2 mL of imaging buffer.

2. Define excitation laser lines (405nm DAPI, 561nm fiducial in Rhodamine Red).

3. Proceed to DAPI acquisition.

After DAPI acquisition, barcodes were acquired. For this, 2 mL tubes containing the
corresponding barcodes and the chemical bleaching solution need to be prepared.

4. Prepare as many readout probe solutions as barcodes that are going to be acquired
during the experiment.

5. Place the tubes containing the barcodes in the barcodes holder.

6. Place each of the following solutions in an individual valve: 2X SSC, Wash buffer,
Chemical bleaching solution, Imaging buffer.

To acquire the barcodes, an injection protocol has to be defined in the LabView
program controlling the microscope.

7. Load into the software the list of barcodes in the order that they’re going to be
injected. Then define the injection protocol as follows:

Image Acquisition

Buffer Volume (µ L) Flow rate (µ L/min)

Readout probe 1700 100
Wash buffer 1500 150

2X SSC 1500 150
Imaging Buffer 1200 100

Bleaching

Chemical Bleaching 1500 150
2X SSC 1500 150
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8. Launch acquisition.

Imaging buffer should be replaced every 12-15h of experiment. The other solutions should
be recharged before the tubes empty, to avoid air entering the chamber. The workflow is
depicted in the following image.

Figure 17: Workflow of the experiment. First primary probes are hybridized to the genomic DNA. Once the sample is
placed in the microfluidics chamber, barcodes are hybridized, imaged, and the fluorescent signal is chemically bleached.
This is repeated for all the barcodes to be imaged. For the fiducial marker, the imaging and adaptor oligos are replaced
using a displacement strategy every 10 cycles.

4.10 Data analysis

Our Airyscan microscope produces images in .czi format, which were converted to TIFF
files using Bio-Formats plugin in Fiji (https://github.com/ome/bioformats, [Linkert et al.,
2010]). Acquired images are deconvolved using Huygens Professional version 20.04 (Scien-
tific Volume Imaging, the Netherlands,https://svi.nl/), via the CMLE algorithm (SNR:20,
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40 iterations) run with a custom-made script written in Tcl/Tk. The following analysis
steps were performed with a home made script in MATLAB 2019b (The MathWorks,
Inc., Natick, United States). First, X-Y drift is corrected for each hybridization cycle. A
global X-Y correction is obtained by cross-correlating the images of the fiducial barcodes
with that of the first barcode (reference cycle). This produces a single 3D vector for each
barcode and represents a ‘global’ correction applied to the whole FOV. Then, an adap-
tive thresholding is used to pre-segment the spots of each fiducial barcode in each cell
for all FOVs and for all barcodes. The 3D coordinates of each barcode were then found
using a 3D Gaussian fitting algorithm on the pre-segmented mask. Fiducial barcodes
with sizes larger than the diffraction limit of light (2.2 pixels for our microscope) were
filtered out. Third, we obtained ‘local’ 3D correction vectors for each cell in each FOV.
This was done by first using the global X-Y correction vector to pre-align fiducial barcode
spots in each cycle to fiducial barcode spots in the reference cycle. Then, image-based
cross-correlation of these pre-aligned fiducial barcode images is used to reach sub-pixel
accuracy in the correction vector. This approach allowed for 3D, subpixel accuracy drift-
correction across the whole FOV. Forth,barcodes were segmented for all hybridization
cycles in batch processing mode using optimized adaptive thresholding. 3D coordinates
of each barcode were then determined by 3D Gaussian fitting of the segmented regions.
These positions were corrected for drift by using the closest fiducial barcode vector ob-
tained from the previous analysis step. Nuclei were segmented from DAPI images by
adaptive local thresholding and watershed filtering. Embryo’s segments were selected by
manually drawing polygons over them. This was used to assign each DAPI-segmented
cell to the corresponding segment. Then, barcodes were attributed to each cell by using
the DAPI segmentation. For each nuclei we then calculate pairwise distance matrices.
All further analysis is done using home made Python 3 The contact probability is ob-
tained as the number of nuclei where the pairwise distances were lower or equal to 250
nm, normalized by the number of nuclei containing both barcodes. All image processing
was carried out on Linux terminals connected to a server running Linux PopOS 19.10,
with 4 GeForce GTX 1080Ti GPU cards (SCAN computers, UK).
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5 Appendix

5.1 TADs are 3D structural units of higher-order chromosome
organization in Drosophila

This work showed that TADs form structural units in Drosophila, using a combination of
microscopy techniques, Hi-C and polymer modelling. Particularly, we show that repressed
TADs form discrete nanocompartments, separated by less condensed active regions. Fur-
thermore, it is shown that TADs engage in inter-TAD interactions. The work performed
here was a first step towards the study of repressed domain architecture in Drosophila.
For this work, images were obtained in a region with two consecutive repressed black
TADs. I performed and analysed dSTORM experiments, using probes located either at
one of the TADs, or using probes spanning the two domains. I observed that most probes
covering a single TAD show a single nanocompartment in the majority of cells, whereas
probes that span both TADs are separated into two or more nanocompartments.

My work was done under the supervision of Diego Cattoni and Marcelo Nollmann.
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TADs are 3D structural units of higher-order
chromosome organization in Drosophila
Quentin Szabo,1 Daniel Jost,2 Jia-Ming Chang,1* Diego I. Cattoni,3 Giorgio L. Papadopoulos,1

Boyan Bonev,1 Tom Sexton,1† Julian Gurgo,3 Caroline Jacquier,1 Marcelo Nollmann,3

Frédéric Bantignies,1‡ Giacomo Cavalli1‡

Deciphering the rules of genome folding in the cell nucleus is essential to understand its functions. Recent chromo-
some conformation capture (Hi-C) studies have revealed that the genome is partitioned into topologically associating
domains (TADs), which demarcate functional epigenetic domains defined by combinations of specific chromatin
marks.However,whether TADsare truephysical units in each cell nucleusorwhether they reflect statistical frequencies
of measured interactions within cell populations is unclear. Using a combination of Hi-C, three-dimensional (3D) flu-
orescent in situ hybridization, super-resolutionmicroscopy, and polymer modeling, we provide an integrative view of
chromatin folding in Drosophila. We observed that repressed TADs form a succession of discrete nanocompartments,
interspersed by less condensed active regions. Single-cell analysis revealed a consistent TAD-based physical compart-
mentalization of the chromatin fiber, with some degree of heterogeneity in intra-TAD conformations and in cis and
trans inter-TAD contact events. These results indicate that TADs are fundamental 3D genome units that engage in
dynamic higher-order inter-TAD connections. This domain-basedarchitecture is likely toplay amajor role in regulatory
transactions during DNA-dependent processes.

INTRODUCTION
The three-dimensional (3D) organization of the genome is closely re-
lated to the control of transcriptional programs (1). Recently, high-
throughput variants of the chromosome conformation capture method
(Hi-C) (2) have been extensively used to molecularly address the 3D
spatial organization of genomes [see Bonev and Cavalli (1) for review].
A key architectural feature revealed by Hi-C was the existence of topo-
logically associating domains (TADs) (3–6), corresponding to domains
of highly interacting chromatin, with reduced interactions spanning
borders between them. In Drosophila, TADs correlate well with func-
tional epigenetic domains defined by chromatin marks (4, 6–8). In
mammals, an additional level of TAD organization involves dynamic
cohesin-dependent loops between CTCF binding sites at convergent
orientations (9–13). The correlation of TAD structures with epigenetic
marks can be observed in mammals using high-resolution Hi-C maps
(7, 11). This compartmentalization, defined by the underlying chromatin
state, appears to be reinforced upon removal of CTCF/cohesin loop
components (10, 12, 13), suggesting a conservedmode of chromatin or-
ganization across species (7). TADs have been proposed to constrain
gene regulation (5, 14), for example, by spatially defining the limits of
where an enhancer can act (15, 16). However, thismodel requires TADs
to be physical units when they could instead reflect a statistical feature
that emergeswhen populations of nuclei are analyzed. Recent single-cell
Hi-C studies (17–19) showed somewhat contrasting results in this re-
spect. Although one study is compatible with the presence of TADs in
individual nuclei (18), another suggests that TADs might reflect a sta-
tistical property that appears when individual cells are merged (17).

Thus, towhat extent the compartmentalization of chromatin intoTADs
is present in each cell nucleus is still unclear. Furthermore, the relation
between TADs and higher-order chromosome folding remains to be
explored. Recently, super-resolutionmicroscopy has allowed finer-scale
chromatin architecture to be analyzed at the single-cell level (20–22),
suggesting that different types of chromatin are characterized by distinct
degrees of compaction (23) and opening the possibility of studying the
structural properties of chromosome domains.

RESULTS
Chromatin is organized in a series of discrete
3D nanocompartments
To investigate the nature of TADs in single cells, we used Oligopaint
(24) and fluorescent in situ hybridization (FISH) to homogenously label
an extended 3–million base pair (Mbp) region ofDrosophila chromosome
2L (table S1) and imaged its nuclear organization using 3D-structured
illumination microscopy (3D-SIM) (25, 26). This region comprises three
main types of Drosophila epigenetic domains: active chromatin (Red)
enriched in trimethylation of histone 3 lysine 4 (H3K4me3), H3K36me3,
and acetylated histones; Polycomb group (PcG) protein repressed do-
mains (Blue), defined by the presence of PcG proteins and H3K27me3;
and inactive domains (Black), which are not enriched in specific epige-
netic components (Fig. 1A) (6). Although conventional wide-field (WF)
microscopy imaging of this region did not reveal internal structures, 3D-
SIM showed that this chromosomal region appears as a semicontinuous
sequence of discrete globular structures, defined here as nanocompart-
ments (Fig. 1, B to D, and fig. S1, A and B). These structures are inter-
spersed by less intense gap regions despite uniformprobe coverage across
the 3 Mb (fig. S1C). In addition, the 3-Mb probe intensity variation
displayed correlation with whole nucleus staining [4′,6-diamidino-2-
phenylindole (DAPI); fig. S1, D to F]. We reasoned that these nano-
compartments may reflect the presence of TADs, so we adapted the
Oligopaint strategy to two-color chromatin labeling (see Materials and
Methods and fig. S2, A and B), simultaneously visualizing the 3-Mb
region and single TADs within it (Fig. 1E and table S1). We observed
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*Present address: Department of Computer Science, National Chengchi University,
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CNRS UMR 7104, INSERM U964, 67404 Illkirch, France.
‡Corresponding author. Email: frederic.bantignies@igh.cnrs.fr (F.B.); giacomo.cavalli@
igh.cnrs.fr (G.C.)
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that repressed TADs (Blue and Black) form globular structures that
coincide with the nanocompartments in the 3-Mb region, suggesting
that repressed TADs are true physical chromosomal domains. Con-
versely, Red active domains were situated in the fluorescence-poor
zones of the 3-Mb region (Fig. 1F and fig. S2C), despite a similar
probe coverage (fig. S2D). In support of this, the correlation of the
fluorescence intensity distribution of the 3-Mb region with that of
repressed TADs was much higher than with that of active regions
(Fig. 1G). Moreover, active domains had a lower 3D density of
Oligopaint signals (Fig. 1H), indicating that they are present in more
open chromatin, consistent with the lower number of Hi-C contacts
within active compared to repressed domains (fig. S2E) and with a
previous report (23).

TAD-based 3D nanocompartments undergo dynamic cis and
trans contact events
These data suggest that Hi-C patterns resulting from cell population
average studiesmight reflect the partitioning of chromatin into physical
entities in Drosophila chromosomes, organized in the cell nucleus as
discrete compact chromatin nanocompartments (repressive TADs),
interspersed by more open regions (active domains). To test this hy-
pothesis, we askedwhether the number of observed nanocompartments
corresponds to the number of repressed TADs. Of importance for this
study, most nuclei in Dipteran species like Drosophila have paired ho-
mologous chromosomes in interphase. Chromosome pairing has been
shown to be important for appropriate gene regulation (27), but the
ultrastructure of paired homologous loci is still unknown. Whereas
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Fig. 1. Super-resolution microscopy reveals chromatin organization into discrete nanocompartments. (A) S2R+ Hi-C map of the labeled 3-Mb region with chromatin
immunoprecipitation (ChIP) tracks of Pc and H3K4me3. Colored bars denote the positions of probes designed to label specific epigenetic domains (Blue, Black, and Red).
(B) 3D-SIM image of an S2R+ nucleus labeled with the 3-Mb probe (DAPI in gray). (C) Intensity distribution (maximum projection) of the 3-Mb probe in (B). (D) Orthogonal views of
the 3-Mb probe labeling in (B). (E) Schematic representation of the dual FISH Oligopaint labeling strategy. gDNA, genomic DNA. (F) Examples of dual FISH labeling (maximum
projections) with the 3-Mb probe and a single epigenetic domain (Blue1, Black2, or Red1, indicated with arrowheads). Right: Intensity distributions of the two probes along the
yellow line. A.U., arbitrary units. (G) Pearson’s correlation coefficient (PCC) between the 3-Mb and the single-domain probe signals. Twenty nuclei were analyzed per conditions,
and PCC distributions from all repressed domains were significantly different from those of active domains (at least P < 0.01) using Kruskal-Wallis and Dunn’s multiple comparisons
tests. (H) Oligopaint density (probe genomic size over 3D-segmented volume) of the single-domain probes. At least 57 nuclei were analyzed per condition, and density distributions
from all repressed domains were significantly different from those of active domains (at least P < 0.05) using Kruskal-Wallis and Dunn’s multiple comparisons tests. Scale bars, 1 mm.
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conventional WF microscopy often showed single unresolved foci for
probes covering a single TAD, 3D-SIM resolved distinct nanocompart-
ments (fig. S3, A and B). To address whether they correspond to the
homologous TADs, we compared the numbers of foci observed in
tetraploid S2R+ cells versus diploid embryonic (12 to 16 hours) cells,
which have conserved TAD structures in Hi-C maps (fig. S4). In ad-
dition to single TADs and the 3-Mb probe that contains 12 repressed
TADs, we designed additional Oligopaint probes: R2 (195 kb), R3

(805 kb), andR4 (495 kb), covering two, three, and four repressedTADs,
respectively (fig. S4). We systematically observed an approximately
twofold difference between the number of nanocompartments de-
tected in tetraploid versus diploid cells, consistentwith the predominant
formation of juxtaposed yet spatially distinct TADs for each homolog in
both cell types (Fig. 2, A and B). The distributions of the number of
nanocompartments observed per cell indicated some degree of hetero-
geneity at the single-cell level.We could observe that homologousTADs
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Fig. 2. Repressed TADs form 3D chromosomal units with dynamic contact events. (A) Examples of chromatin labeling (single Black1 TAD, R2, R3, R4, and 3-Mb probe,
maximumprojections) in (top) tetraploid S2R+ and (bottom) diploid embryonic cells. (B) Number of nanocompartments counted per nucleus in S2R+ and embryonic cells for the
different labeling (P < 0.0001 in all conditions with two-tailedMann-Whitney test). Bottom: Ratio of themeans (indicated with red circles) between the two conditions. n indicates
the number of nuclei analyzed. (C) Examples of chromatin labeling (single Blue1 TAD, R2, R3, R4, and 3-Mb probe, maximum projections) in tetraploid S2R+ cells in (top) G1 and
(bottom)G2 phases of the cell cycle. (D) Number of nanocompartments counted per nucleus in S2R+ cells inG1 andG2 phases for the different labeling (P<0.0001 in all conditions
with two-tailed Mann-Whitney test, except for R2, P < 0.01). Bottom: Ratio of the means (indicated with red circles) between the two conditions. n indicates the number of nuclei
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andR4 labeling.R2 values of linear regressions are indicated. (F) 3Dviewof single chromosomecopies labeledwith the3-Mbprobe.Nanocompartmentpositions are representedwith
150-nm-diameter beads. (G) Pairwise distances between all nanocompartments identified in the individual chromosomes shown in (F) (one boxplot corresponds to one chromo-
some). Right: Averaged distance distribution from all the single chromosomes. (H) Number of nanocompartments counted for single chromosomes (n = 19). Scale bars, 1 mm.
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can generate well-separated structures but also merge in a subset of
the cells (fig. S3, C and D). Thus, chromatin fibers from paired homol-
ogous chromosomes do not appear to constantly intermingle, and in-
stead, they form individual homologous TADs that engage in dynamic
trans contact events. Some cells displayed more nanocompartments
than would be expected based on the number of TADs multiplied by
the ploidy (Fig. 2B). This observation was particularly evident for S2R+
cells, which have a sizeable proportion of G2 cells, compared to embry-
onic cells, which are highly enriched in the G0/G1 phase of the cell cycle
(28). To test whether these distributions could reflect differences in cell
cycle stage and the fact that G2 cells have replicated their DNA, we
separated S2R+ cells into G1 and G2 populations based on DAPI signal
(seeMaterials andMethods and fig. S5) (29).We could countmorenano-
compartments on average after replication, suggesting that, similar
to chromosome homologs, sister chromatids behave largely as non-
intermingled series of TADs (Fig. 2, C andD), consistentwith theTADs
observed byHi-C inDrosophilapolytene chromosomes (30).Moreover,
there are very strong correlations between the mean number of nano-
compartments observed and the number of TADs expected in both G1

S2R+ cells and G0/G1 embryonic cells (Fig. 2E). To assess chromatin
folding into TADs independently of pairing events, we also analyzed
cells showing distinctly unpaired unique chromosomes, labeled with
the 3-Mbprobe (fig. S3E).Wenoticed heterogeneity in the higher-order
arrangement of these TADs, ranging from a compact conformation to
rarer unfolded chromosomes (Fig. 2, F and G). In this latter state, we

were able to measure an average (±SD) nanocompartment diameter of
175 ± 27 nm (fig. S3, F andG). Again, the range of the number of nano-
compartments detected in individual chromosomes fitted with the
12 repressed TADs predicted by Hi-C (Fig. 2H), although several cells
showed a number of objects different from the expected number, sug-
gesting that individual nanocompartments may contain multiple or
split TADs. We thus conclude that the number of nanocompartments
corresponds well with the number of repressed TADs, with a degree of
cell-to-cell stochasticity due to the dynamics of intra- and inter-TAD
contact events.

Repressed TADs form physical and structural
chromosomal units
To rigorously quantify the single-cell variability of TAD behavior, we
turned our analysis to TADs in a haploid context. We focused on a
400-kb region containing two distinct repressed TADs (Black) separated
by an active region on the X chromosome of male embryos (Fig. 3A).
We first used three-color FISH tomeasure intra-TAD(probes 2-1) versus
inter-TAD (probes 2-3) 3D distances, with probes 1 and 3 being at the
exact same genomic distance from probe 2. Our analysis revealed that
intra-TAD distances are considerably shorter than inter-TADdistances
(Fig. 3B). Moreover, inter-TAD distance distributions (1-3 and 2-3)
were very similar, consistent with TAD structure strongly modulating
the interdependence between physical and genomic distances. In
support of this, analysis of FISH signal triplets showed that 75% of
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the 2-1 intra-TADdistances were shorter than the paired 2-3 inter-TAD
distances (78% when considering the paired 1-3 inter-TAD distances;
Fig. 3C). Previous studies compared 3D spatial distances between
FISH probes corresponding to distinct regions and Hi-C interaction
profiles (17, 20, 31), but the relationship between distance distribution and
local chromatin conformation still remains unclear.We thus designed
Oligopaint probes covering each single TADs independently (TAD 1 and
TAD 2 probes), a probe of the same genomic size as TAD 1 but shifted
to span the boundary (spanning probe), and a probe covering the entire
region (full probe; Fig. 3A). We performed 3D-SIM imaging (Fig. 3D
and fig. S6A) and observed that TAD 1 and TAD 2 displayed only one
nanocompartment in the majority of cells, whereas most spanning and
full probes were split into two or more nanocompartments, providing
strong evidence for the physical compartmentalization of chromatin into
TADs (Fig. 3E and fig. S6B). We then visualized TAD 1 and spanning
probes using direct stochastic optical reconstruction microscopy
(dSTORM) (32, 33). Image analysis using this independentmethod con-
firmed that TAD 1 appeared as a single nanocompartment in the ma-
jority of cells, unlikemost spanning probes (fig. S7), despite their same
genomic size. Analysis of the sphericity of the 3D-segmented probes also
revealed that single TADs have highly globular structures compared to

the spanning and full regions (fig. S6C). Globular single TADs have a
similar diameter range as the nanocompartments described abovewith-
in larger chromosomal regions [mean ± SD, 192 ± 35 nm (TAD 1) and
182 ± 23 nm (TAD 2); fig. S6D], consistent with nanocompartments
corresponding to TADs. We could occasionally resolve numerous sub-
structures in TADs of haploid cells (Fig. 3, D and E, and fig. S6, A and
B), arguing for a dynamic behavior of TADconformations in a subset of
the cells. Finally, to further explore whether TADs represent distinct
physical units, we labeled the two repressed TADs in different colors.
Inter-TAD contacts were not observed in 68% of the nuclei, and less
than 10% of volume overlap was detected in 84% of cases (Fig. 3F). This
result strongly suggests that inter-TAD contacts reflect restricted chro-
matin interactions, rather than TAD merging. We thus conclude that,
despite variable intra- and inter-TAD contacts in each cell, the physical
TAD-based compartmentalization of the chromatin fiber is a general
feature of chromosomal domains.

Polymer modeling recapitulates the physical partitioning of
chromosomes into TADs
We then tested whether TAD compartmentalization can be predicted
by using a self-avoiding and self-interacting polymer model (34, 35).

D(2-1) > D(2-3)D(2-1) < D(2-3)

BA C

Position along chrX (Mbp)

P
os

iti
on

 a
lo

ng
 c

hr
X

 (
M

bp
)

 

 

4.6 4.8 5.0

4.6

4.8

5.0

1

0.1

0.01

C
on

ta
ct

 p
ro

ba
bi

lit
y

D

0 0.1 0.2 0.3 0.4
0

0.2

0.4

0.6

0.8

1

Overlap fraction TAD 1–TAD 2

C
um

ul
at

iv
e 

pr
ob

ab
ili

ty

 

 

Whole set
D(2-1) > D(2-3)

–1.8 –1.2 –0.6 0.0 0.6 1.2 1.8
0

10

20

30

40

D(2-1)–D(2-3) (µm)

Simulated

Experimental

R
el

at
iv

e 
fr

eq
ue

nc
y 

(%
)

Fig. 4. Integrative view of chromosome conformation with polymermodeling. (A) Inferred (top) and experimental (bottom) contact probability maps. (B) Distributions of
the differences between the paired distances (D) (2-1) and (2-3) from FISH experiments (red) and inferredmodel (gray). Values on the left of the dashed line indicate shorter intra-
TAD than inter-TAD distances. (C) Cumulative distribution of the overlap fraction between TAD 1 and TAD 2 obtained from simulated conformations (full line) and from con-
formations when the inter-TAD distance (2-3) is smaller than the intra-TAD (2-1) distance (dashed line). (D) Representative examples of configurations of the inferredmodel, with
the inter-TAD distance (2-3) larger (left) or smaller (right) than the intra-TAD (2-1) distance. Probe 1, 2, and 3 positions are represented with monomers in green, red, and blue,
respectively; TAD 1 and TAD 2 are represented with magenta and cyan monomers, respectively.
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First,webuilt amodel of the same regiondescribed above,withmonomers
of 2 kb in whichmodel parameters were fitted to reproduce theHi-C data
available for the same region (seeMaterials andMethods, Fig. 4A, and fig.
S8, A and B). From the inferred ensemble of configurations, we com-
puted distances formonomers corresponding to probes 1, 2, and 3 used

in FISH (see Materials and Methods and Fig. 3A), and the comparison
betweenmodel and FISH data shows a very good fit of the distance dis-
tributions (fig. S8C). The frequency for inter-TADprobe (2-3) distances
smaller or equal to intra-TAD probe (2-1) distances is 15 ± 2%, in good
agreement with experimental data (Fig. 4B and fig. S8D). To assess how
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Fig. 5. Large-scale chromatin folding reflects heterogeneous, discrete, and specific interdomain contacts. (A) Sixteen- to 18-hour embryo Hi-C map of a 14-Mb region,
along with ChIP-seq profiles of Pc and H3K4me3 (14- to 16-hour embryos). We designed a set of epigenetic state-specific probes (Blue, Black, and Red domains, indicated with
colored bars) to perform two-color labeling of domains of the same type that were consecutive along the linear scale of the chromosome (that is, Blue-Blue, Black-Black, and Red-
Red) or for different combinations of chromatin type (that is, Blue-Black, Blue-Red, and Black-Red). (B) 3D-SIM images from different two-color FISH labeling combinations in
embryonic cells (maximumprojections). Scale bar, 1 mm. (C) Distribution of all the pairwise distances between all differentially labeled domains in the different FISH combinations.
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chromatin at the nanoscale. NS, not significant. (E) Percentages of nearest-neighbor distances <150 nm inWT embryos versus ph505 embryos, showing the specific loss of contacts
between Blue domains. Statistics were performed using two-tailed Fisher’s exact tests, ***P < 0.0001. (F) Genome-wide differential Hi-C contact scores (log2 ph

505/WT normalized
scores) between the chromatin domains in WTmale versus ph505male embryos show the specific loss of contacts between Blue domains. (G) Side-by-side Hi-Cmap of WTmale
(top) and ph505male embryos (bottom) showing specific loss of contacts betweenBlue TADs in ph505 (indicatedwith circles). The contact enrichment color scale is the sameas in (A).
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changes in distances influence TAD structure (fig. S8E), we then used the
inferredmodel tomeasure the overlap fraction (fig. S8F) for all simulated
configurationsor only for configurationswhere the inter-TADprobe (2-3)
distance was smaller than the intra-TAD probe (2-1) distance. The con-
figurations from the inferred model displayed weak overlap fraction be-
tween the TADs (≤10% overlap in 94% of the inferred configurations;
Fig. 4C). Strikingly, the small overlap of TADs largely persists for con-
figurations where the intra-TAD distance is higher than the inter-TAD
distance (≤10% overlap in 85% of the inferred configurations; Fig. 4C).
Therefore, polymer modeling using parameters that fit Hi-C maps
supports the frequent folding of the twoTADs intowell-separated nano-
compartments. The fraction of intra-TADdistances larger than the inter-
TADs counterparts is thus explained by the dynamic relative positioning
of the twoTADs, rather thanbyTAD intermingling (Fig. 4Dand fig. S8E).
Overall, our microscopy and simulation results are consistent with
TADs representing physical units of chromatin folding.

Large-scale chromatin folding reflects highly heterogeneous
yet specific, long-range interdomain contacts
Finally, we asked whether large-scale active and repressed compart-
ments (2, 11) also represent physical entities or rather reflect statistical
contact preference between highly heterogeneous chromosome config-
urations. We labeled chromatin domains of different epigenetic states
and studied their relative 3D spatial organization (Fig. 5, A and B). This
analysis revealed the presence of discrete interdomain contacts, with
preference for contacts amongTADs of the same epigenetic type (Fig. 5,
C and D). These inter-TAD contacts are regulated, as the disruption of
the polyhomeotic (ph) PcG gene specifically affects Pc inter-TAD con-
tacts (36) without affecting contacts between other domains (Fig. 5, E to
G).However, they are rare and the overall FISH configurations generated
by the probe sets are highly heterogeneous (Fig. 5C). These results, con-
sistent with previous reports (17, 18), suggest that active and repressive
compartments reflect stochastic inter-TAD contacts with statistical pref-
erence for TADs of the same kind. These findings thus identify a dif-
ference between the nature of compartments defined from Hi-C, which
is statistical, and that of repressive TADs, which are physical entities.

DISCUSSION
This study demonstrates the partitioning of the chromatin fiber into
discrete nanocompartments that correspond to repressed TADs inter-
calated with active chromatin domains. If individual TAD folding is dy-
namic and variable, then the meshwork of intra-TAD contacts is
sufficient to hold them together to form nanocompartments. We thus
propose that the high frequency and cooperativity, rather than the sta-
bility and the persistence, of intra-TAD interactions give rise to iden-
tifiable structures in single cells. Furthermore, the weak propensity of
active chromatin, highly enriched in acetylated histones, to interact
with inactive chromatin (7, 8) may be sufficient to shape a chromatin
pattern made of a succession of segregated TAD-based discrete do-
mains. These conclusions thus reconcile previous observations using
microscopy andHi-C (5, 6, 14, 17, 31, 34). Our data are consistent with
TAD-based nanocompartments persisting through the interphase cell
cycle, providing a role for TADs in the spatial segregation of autono-
mously regulated genomic regions. This chromosome organization is
thusmaintained inG2 cells andmaybe the basis of chromosomepairing
in interphase insect cells. Finally, the fact that TAD identity and
architecture depend on cell fate regulation (15, 37) calls for further anal-
ysis in different cell types and species to generalize these findings and

understand the mechanistic basis of the relation between 3D chromo-
some organization and chromatin contact patterns.

MATERIALS AND METHODS
Experimental design
Probe design and synthesis
Oligopaint libraries were constructed following the procedures de-
scribed by Beliveau et al. (24) [see the Oligopaints website (http://genetics.
med.harvard.edu/oligopaints) for further details]. The 3-Mb (chr2L:
9935314-12973080) library, synthesizedat theWyss Institute (HarvardUni-
versity, Boston, MA), was a gift from the laboratory of C.-T. Wu (Harvard
Medical School, Boston, MA). All other libraries were ordered from
CustomArray in the 12KOligo pool format. Coordinates, size, number,
and density of probes for the libraries are given in table S1.

All libraries consisted of 42-mer genomic sequences discovered by
OligoArray 2.1 run in the laboratory of C.-T.Wuwith the following set-
tings: -n 30 -l 42 -L 42 -D 1000 -t 80 -T 99 -s 70 -x 70 -p 35 -P 80 -m
‘GGGG;CCCC;TTTTT;AAAAA’ -g 44. Each library contains a universal
primer pair followed by a specific primer pair hooked to the 42-mer
genomic sequences (126-mers in total). Single TAD probe libraries
allowing dual labeling (named “1:3”) contained one oligonucleotide
of three potential genomic targets.

The 3-Mb Oligopaint probe was produced by emulsion polymerase
chain reaction (PCR) amplification using universal primers followed by
a “one-step PCR” and the lambda exonuclease procedure (24). In this
case, each oligonucleotide contained a single fluorochrome. All other
Oligopaint libraries were produced by emulsion PCR amplification
from oligonucleotide pools followed by a “two-step PCR” procedure
and the lambda exonuclease method (24). The two-step PCR leads to
secondary oligonucleotide binding sites for signal amplification with
a secondary oligonucleotide (Sec1 or Sec6) containing two additional
fluorochromes. In this case, each oligonucleotide carried three fluoro-
chromes in total. All oligonucleotides used for Oligopaint production
were purchased from Integrated DNA Technologies. All oligonucleotide
sequences (5′→3′) are listed below:

Emulsion PCR with universal primers
BB297-FWD: GACTGGTACTCGCGTGACTTG
BB299-REV: GTAGGGACACCTCTGGACTGG
3-Mb probe one-step PCR
BB291-FWD: /5Phos/CAGGTCGAGCCCTGTAGTACG
BB292-REV-ATTO565: /5ATTO565N/CTAGGAGACAGCC-
TCGGACAC
Two-step PCR
PCR1 with FWD 5′ phosphorylation and REV 53-mers:

A BB82-FWD: /5Phos/GTATCGTGCAAGGGTGAATGC
SecX-BB278-REV: /SecX/GAGCAGTCACAGTCCAGAAGG

B BB81-FWD: /5Phos/ATCCTAGCCCATACGGCAATG
SecX-BB281-REV: /SecX/GGACATGGGTCAGGTAGGTTG

C BB287-FWD: /5Phos/CGCTCGGTCTCCGTTCGTCTC
SecX-BB288-REV: /SecX/GGGCTAGGTACAGGGTTCAGC

D BB293-FWD: /5Phos/CCGAGTCTAGCGTCTCCTCTG
SecX-BB294-REV: /SecX/AACAGAGCCAGCCTCTACCTG

E BB298-FWD: /5Phos/CGTCAGTACAGGGTGTGATGC
SecX-BB187-REV: /SecX/TTGATCTTGACCCATCGAAGC
Binding sequence Sec1: CACCGACGTCGCATAGAACGGAA-
GAGCGTGTG
Binding sequence Sec6: CACACGCTCTCCGTCTTGGCCGT-
GGTCGATCA
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PCR2 with labeled “back primer”
BB506-Alexa488: /5Alex488N/CACCGACGTCGCATAGAACGG
BB511-Cy3: /5Cy3/CACACGCTCTCCGTCTTGGC
BB511-ATTO565: /5ATTO565N/CACACGCTCTCCGTCTTGGC
Secondary oligos
Sec1-Alexa488-X2: /5Alex488N/CACACGCTCTTCCGTTC-
TATGCGACGTCGGTGagatgttt/3AlexF488N/
Sec6-Cy3-X2: /5Cy3/TGATCGACCACGGCCAAGACGGA-
GAGCGTGTGagatgttt/3Cy3Sp/
Sec6-ATTO565-X2: /5ATTO565N/TGATCGACCACGGC-
CAAGACGGAGAGCGTGTGagatgttt/3ATTO565N/
Sec6-Alexa488-X2: /5Alex488N/TGATCGACCACGGCCAA-
GACGGAGAGCGTGTGagatgttt/3AlexF488N/
In Fig. 5, for the labeling of domains of the same chromatin type

(that is, Blue-Blue, Black-Black, and Red-Red), domains that were con-
secutive along the chromosomewere alternatively labeled, that is, one in
A488 followed by one in Cy3 or ATTO565, etc. For this purpose, the
oligopools corresponding to nonconsecutive domains of the same chro-
matin type were on the same array, which allows their amplification
as one library using the same primer set. For the labeling of domains
of different chromatin type (that is, Blue-Black, Blue-Red, and Black-
Red), all domains of the same chromatin type were labeled using
one color.

Small probes 1, 2, and 3 used for triple FISH experiments (Fig. 3)
were generated using four consecutive PCR fragments of 1.1 to 1.6 kb
fromDrosophila genomicDNA, each covering approximately 8 kb. The
list below shows the amplicon size (bp) and the corresponding primers
for each probe fragment.

Probes were labeled using the FISH Tag DNA Kit (Invitrogen Life
Technologies) with Alexa Fluor 488, 555, and 647 dyes. All probe
coordinates refer to Dm3/FlyBase R5 reference genome.
Three-dimensional FISH
3D-FISH was adapted from Bantignies and Cavalli (38). For optimal
imaging, we used coverslips of 0.170 ± 0.005 mm (Zeiss). Coverslips
were rinsed in 96% ethanol before incubation for 5 min in 1:10 poly-
L-lysine (P8920, Sigma-Aldrich) diluted in water (final concentration at
0.01%, w/v). Briefly, cells in suspension (about 2 × 106 cells/ml) were
deposited on a coverslip for 1-hour sedimentation in a humid chamber,
or four to five dechorionated and selected embryos were squeezed di-
rectly on a coverslip with a Dumont #55 tweezer. Samples were fixed
with phosphate-buffered saline (PBS)/4% paraformaldehyde (PFA),
washed in PBS, permeabilized with PBS/0.5% Triton X-100 for 10 min,
washed in PBS, and incubated for 30min in PBS/20% glycerol. After PBS
washes, cells were incubated with 0.1 M HCl for 10 min, washed in 2×
SSCT (2× SSC/0.1% Tween 20), and incubated for 30 min in 50% form-
amide, 2× SSCT. Probe mixture contains 20 pmol of each probe with
20 pmol of their complementary secondary oligonucleotide (except for
the 3-Mb region, usedwithout secondary oligo), 0.8ml of ribonucleaseA
(10mg/ml), and FISHhybridization buffer [FHB; 50% formamide, 10%
dextran sulfate, 2× SSC, and salmon spermDNA(0.5mg/ml)], in a total
mixture volume of approximately 20 to 25 ml, keeping at least a 3:4 ratio
of FHB/total volume. Probe mixture was added to the coverslip before
sealing on a glass slide with rubber cement (Fixogum, Marabu). Cell
DNA was denatured at 78°C for 3 min, and hybridization was per-
formed at 37°C overnight in a humid dark chamber. Cells were then
washed 3 × 5 min at 37°C in 2× SSC, 3 × 5 min at 45°C in 0.1× SSC,
and 2 × 5 min in PBS before DNA counterstaining with DAPI (final
concentration at 0.3 mg/ml in PBS). After final washing in PBS, cover-
slips were mounted on slides with Vectashield (CliniSciences) and
sealed with nail polish.
Immunostaining
Cells in suspension (about 2 × 106 cells/ml)were deposited on coverslips
for 1-hour sedimentation in a humid chamber. Cells were fixed in PBS/
4%PFA, washed in PBS, treated with PBS/0.1%Triton X-100 for 15min,
and washed in PBS/0.02% Tween 20 (PBT) before blocking in PBT/2%
bovine serum albumin (BSA) (A7906, Sigma-Aldrich) for 30 min. Cells
were then incubated with cyclin B (CycB) antibody (Developmental
Studies Hybridoma Bank, product F2F4), diluted in PBT/2% BSA
(1:500 dilution) overnight at 4°C in a humid chamber. Cells were then
washed with PBT, incubated with secondary antibody (1:200 dilution;
A-31570, Life Technologies) for 1 hour at room temperature, washed

Probe 1

Fragment 1 1299 1_FWD AGGTGGAGTTGTGTATGCGA

1_REV GAGTGAAAAGGCGTTGGTGT

Fragment 2 1568 2_FWD TCCACTTTCGCCTGATGTCT

2_REV GAGGTGTTTGTGCCAGGAAG

Fragment 3 1084 3_FWD TTTCTTACCCCATCCACCCC

3_REV TATAAGCCCGGCCAAGTTGA

Fragment 4 1443 4_FWD GAGCTGGGACGTAACCTCTT

4_REV ATGTTCACGCTTCTCCTCGA

Probe 2

Fragment 1 1446 1_FWD CAGCGTGAGTGTCAAGTGAG

1_REV GCTGATGTTTTGGCTTCCGA

Fragment 2 1568 2_FWD TGAAATACGACGAACCGCAG

2_REV TGTTTCGACTGTAAAGCCGC

Fragment 3 1310 3_FWD CTGGGCGACAAGAACAACAA

3_REV AAGAAAATTGCCAGCCCCAG

Fragment 4 1305 4_FWD TAACCAATTGCCGCGTTGAA

4_REV AAATCGGTGGGTGATGAGGT

Probe 3

Fragment 1 1421 1_FWD CCACAAGAAAAGCACCCACA

1_REV TCTCGCTCTGTTCAAGGTGT

Fragment 2 1243 2_FWD CCTCAGCAGCTTTTCGGATC

2_REV GCCCCGGATTGTTGATTCTC

Fragment 3 1481 3_FWD ACCTCTACGCTCCAGATTCG

3_REV AGTGCTTATCAACGACCCCA

Fragment 4 1292 4_FWD GCTCGCTCATTTGACCCAAT

4_REV CTTTCCGCTCATCTTGGGTG
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with PBT, and incubated in PBS and DAPI (final concentration at
0.5 mg/ml in PBS). Cells were then washed with PBS, and coverslips
were mounted on slides with Vectashield (CliniSciences).
Image acquisition
3D-SIM super-resolution imaging was performed with a DeltaVision
OMX V3/V4 microscope (GE Healthcare) equipped with a ×100/1.4
numerical aperture (NA) Plan Super Apochromat oil immersion objec-
tive (Olympus). Electron-multiplying charge-coupled device (EMCCD)
(Evolve 512B, Photometrics) cameras for a pixel size of 79 nm at the
sample were used. Diode lasers at 405, 488, and 561 nm and the stan-
dard corresponding emission filters were used. Z-stacks were acquired
with five phases and three angles per image plane, with a z-step of
125 nm. Raw images were reconstructed using SoftWorx (version 6.5,
GE Healthcare), using channel-specific optical transfer functions (pixel
size of reconstructed images, 39.5 nm). TetraSpeck beads (200 nm)
(T7280, Thermo Fisher Scientific) were used to calibrate alignment
parameters between the different channels. Quality of reconstructed
images was assessed using ImageJ and the SIMcheck plugin (39), and
examples of quality controls are shown in fig. S9. Conventional WF
images were generated from raw images using SoftWorx by averaging
the different angles and phases for each plane. Automatic “Threshold
and 16-bit Conversion” (SIMcheck plugin) was applied to the recon-
structed images shown.

Confocal microscopy images were acquired with a Leica SP8 mi-
croscope (Leica Microsystems) equipped with a ×63/1.4 NA Plan-
Apochromat oil immersion objective and photomultiplier tube and
hybrid detectors for a pixel size of 59 nm (z-step, 300 nm).

dSTORM super-resolution imaging was carried out with a custom-
made inverted microscope using an oil immersion objective (Plan-
Apochromat, 100×, 1.4 NA oil DIC, Zeiss) mounted on a z-axis
piezoelectric stage (P-721.CDQ, PICOF, PI). A 1.5× telescope was used
to obtain a final imagingmagnification of 150-fold corresponding to a
pixel size of 105nm.Two laserswere used for excitation/photoactivation:
642 nm (MPB Communications Inc.) and 405 nm (OBIS, LX 405-50,
Coherent Inc.). Laser lineswere expanded and coupled into a single beam
using a dichroic mirror (427-nm LaserMUX, Semrock). An acousto-
optic tunable filter (AOTFnc-400.650-TN, AA Opto-Electronics) was
used to modulate laser intensity. Light was circularly polarized using an
achromaticquarterwaveplate.Twoachromatic lenseswereused to expand
the excitation laser and an additional dichroic mirror (zt405/488/561/
638rpc, Chroma Technology) to direct it toward the back focal plane of
the objective. Fluorescence light was spectrally filtered with emission filters
(ET700/75m, Chroma Technology) and imaged on an EMCCD camera
(iXonX3DU-897,AndorTechnology).Themicroscopewas equippedwith
amotorized stage (MS-2000, ASI) to translate the sample perpendicularly
to the optical axis. To ensure the stability of the focus during the acqui-
sition, a homemade autofocus system was built. A 785-nm laser beam
(OBIS, LX 785-50, Coherent Inc.) was expanded twice and directed
toward the objective lens by a dichroic mirror (z1064rdc-sp, Chroma
Technology). The reflected infrared beam was redirected following
the same path than the incident beam and guided to a CCD detector
(Pixelfly, Cooke) by a polarized beam splitter cube. Camera, lasers, and
filter wheel were controlled with software written in LabVIEW (40).

For image acquisition, an average of 15,000 frames was recorded at a
rate of 10 ms per frame. To induce photoswitching, samples were im-
aged in a freshly prepared Smart Kit buffer (Abbelight). Continuous ex-
citation and activation was used with output laser powers of 600mWat
642 nm (for AF647 excitation) and 0 to 2.5 mW at 405 nm (for activa-
tion). The intensity of activation was progressively increased through-

out the acquisition to ensure a constant amount of simultaneously
emitting fluorophores within the labeled structures. These excitation
powers were optimized to ensure single-molecule detection. Imaging
data are available upon request.
Image analysis
3D image analysis was performed using Imaris software and its XT
module. For all images analyzed in 3D, a background subtraction filter
was applied. For fluorescence intensity correlation, the regions of inter-
est were first segmented in 3D (the 3-Mbprobe for fig. S1E or the single-
domain probes for fig. S2B and Fig. 1G). PCCs were then calculated in
single cell using the voxels within the regions of interest. Tomeasure the
probe density of the single domains (Fig. 1H), we divided the genomic
size of the labeled regions by the volume occupied by the 3D-segmented
probes (probes with full Oligopaint coverage) in each single nucleus
analyzed. To count the number of nanocompartments in the different
FISH experiments (and to identify the 3-Mb maxima in fig. S1F), we
used the point-like structure function (spots) of Imaris. Examples of nano-
compartment identification with this method are shown in Fig. 2F.
Distances between nanocompartments were calculated between the
centered voxels of the spots identified. The sizes of nanocompartments
(figs. S3, F and G, and S6D) were determined using full width at half
maximum of Gaussian curves fitted to the intensity profiles obtained
along lines passing through single nanocompartments in z-stacked
(maximum projections) images [processed with Threshold and 16-bit
Conversion from SIMcheck (39)]. To investigate contact frequency and
overlap between TAD 1 and TAD 2 (Fig. 3F), we segmented the probes
in 3D and calculated the Jaccard index by dividing the volume of the
colocalized voxels (intersection of the two probes) by the sum of the
volumes of the segmented probes minus the colocalized volume
(union of the volumes of the two probes). This Jaccard index was de-
fined as the overlap fraction. The quantification of segmented objects
(fig. S6B) was performed with ImageJ’s Otsu automatic thresholding
of FISH signals (minimum size of 6 pixels2) in z-stacked (maximum
projections) images (processed with Threshold and 16-bit Conversion
fromSIMcheck). Sphericity scores (fig. S6C)were calculated fromprobe
3D segmentation in individual nuclei. Specific epigenetic domains on
the 3R chromosome (Fig. 5) were identified using the spot function
of Imaris, and distances (all pairwise or nearest-neighbor distances)
were measured in 3D from the centered voxels of the spots.

To measure the distances between small probes 1, 2, and 3 (Fig. 3, B
andC), we applied a Gaussian filter (s = 1 pixel) to the image before 3D
segmentation of the spot signals and calculation of their center of mass.
We then identified mutual nearest neighbors between the centers of
mass of probes 2 and 1 and between the centers of mass of probes 2
and 3 and calculated combinatorial 3D distances for these triplets. To
assess the experimental error, we used 200-nm TetraSpeck beads
(T7280, Thermo Fisher Scientific) coupled with dyes of the same colors
than the FISH probes, and we applied the samemethod for 3D distance
measurements. We obtained from the beads a mean (±SD) of 164 ±
41nmbetween red andgreendyes (corresponding toprobe2 and1dyes,
respectively), 107 ± 46 nmbetween red and far-red dyes (corresponding
to probe 2 and 3 dyes, respectively), and 231± 67 nmbetween green and
far-red dyes (corresponding to probe 1 and 3 dyes, respectively). This
indicates that the shorter distance distribution between intra-TAD
probes (2-1) compared to inter-TAD (2-3) is not due to technical bias.

For dSTORM image after processing and analysis, single-molecule
localization was performed using the ImageJ ThunderSTORM plugin.
Default values were used for the analysis (B-spline wavelet filter—order
3 and scale 2.0, approximate localization by eight-neighborhood local
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maximum, subpixel localizationbypoint spread function (PSF)–integrated
Gaussian with the weighted least squares fitting method with a 3-pixel
fitting radius and 1.6-pixel initial sigma). Particle coordinates and sta-
tistical propertieswere exported, and further analysiswas conductedusing
MATLAB (MathWorks). Clustering of localizationswas performedusing
an algorithm that was previously described by Cattoni et al. (41). A par-
ticle density and area threshold was set to define and quantify the num-
ber of objects per imaged probe. Automatic detection and quantification
were further verified by visual inspection andcomparisonof conventional
fluorescence and super-resolution rendered images using variable inten-
sity thresholds.
Determination of cell cycle stage
We used the method published by Roukos et al. (29) to determine cell
cycle stages of S2R+ cells. This method is based on DAPI fluorescence
intensity after microscopy image acquisition (fig. S5). Briefly, DAPI
channels of images were separated and projected along the z axis using
average intensity, and nuclei were identified with CellProfiler software
(http://cellprofiler.org/). The DAPI-integrated intensity was calculated
for each nucleus, and the distribution for the whole population was
plotted. The nuclei were then classified as G1 or G2 according to their
DAPI-integrated intensity profile relative to the profile obtained for the
population (fig. S5). To classify nuclei positive for CycB (fig. S5C), the
CycB signal was segmented using CellProfiler software, and overlapped
nuclei were counted.
Hi-C library preparation and sequencing
For S2R+ cells, Hi-C and library preparation was performed using the
in situmethod as published by Rao et al. (11) withminormodifications.
Twobiological replicateswere done using 5× 106 cells. Briefly, cellswere
digested overnight at 37°C using 500 U of Dpn II. After biotin filling,
proximity ligationwas carried out for 4 hours at 18°Cwith 2000Uof T4
DNA ligase, and after reverse cross-linking, DNA was purified with
ethanol precipitation and sheared to 300- to 400-bp fragments using a
Covaris S220 sonicator. Ligation fragments with biotin were pulled
down using MyOne Streptavidin T1 beads (catalog no. 65602, Thermo
Fisher Scientific), end-repaired, and adenylated as described. Fragments
were then ligated with NEXTflex adaptors (catalog no. 514101, Bio-
Scientific) and amplified by PCRusing theKAPAHiFi LibraryAmplifica
tion Kit (catalog no. KK2620, Kapa Biosystems) for eight cycles. DNA
size selection (300 to 800 bp) was performed using AMPure XP beads
(catalog no. A63881, Agencourt). Libraries were validated qualitatively
and quantitatively with Fragment Analyzer and by qPCR (Roche Light-
Cycler 480). They were sequenced with 2 × 50–bp paired-end runs on
an Illumina HiSeq 2500.

For embryo Hi-C, embryos were collected in a saline buffer (0.03%
Triton X-100, 0.4% NaCl) 16 to 18 hours after egg laying and then de-
chorionated for 5 min in fresh bleach. About 3000 GFP− (selection of
ph505 null mutant males; see the “Drosophila” section for description)
andGFP+ (selection ofWTmales from the Y-GFP line) embryos each
were sorted with a Union Biometrica COPAS large particle sorter
(Union Biometrica Inc.) and then processed for Hi-C as in the study
of Sexton et al. (6).
Hi-C analysis
Hi-C sequence mapping, read filtering, and normalization were
performed as previously published (6). This provided statistics on the
number of observed contacts for each pair of restriction fragments
and the number of expected contacts from a low-level probabilistic
model, which considers local GC content and the Dpn II restriction
fragment length. Therefore, technically corrected matrices were gen-
erated by calculating ratios between the total observed reads and the

expected reads based on the above model. We visualized contact maps
as described by Sexton et al. (6). To maximize resolution, we used
variable bin sizes from 5 to 160 kb, visualizing each point in the
matrix using the ratio as computed for the minimal 2D bin with at
least 30 observed contacts. S2R+Hi-Cmap (Fig. 1A)was plotted based
on merging two replicates for the 3-Mb region 2L:9935314..12973080
and aligned with the ChIP-sequencing (ChIP-seq) profile of Pc (S2 cells,
GSM604723) and ChIP-chip of H3K4me3 (S2 cells, modENCODE305).
Side-by-side Hi-C comparisons for R2 (2R:10534240..10729120), R3
(3R: 23547420..24352723), R4 (2R: 5203174..5698315), and the 3-Mb
Oligopaint-labeled regions (fig. S4) show the contact map in S2R+ cells
(merge of replicates) on the top left and embryos [16 to 18 hours, merge
of two replicates published by Schuettengruber et al. (42)] on the
bottom right, alongside with ChIP-seq of H3K4me3 (embryo 14 to
16 hours, modENCODE5096) and ChIP-chip of H3K4me3 (S2 cells,
modENCODE305). Themale embryoHi-Cmap (Fig. 3A) is plotted based
on merging two replicates for the region X:4502500..5061200 alongside
with ChIP-seq of H3K4me3 (modENCODE5096). The embryo [16 to
18 hours, merge of two replicates published by Schuettengruber et al.
(42)] Hi-C map (Fig. 5A) is plotted for the region 3R:500000..14000000
and aligned with ChIP-seq of Pc (modENCODE3957) and H3K4me3
(modENCODE5096). The side-by-side Hi-C comparison for the
3R:500000..14000000 region (Fig. 5G) shows the contact map in WT
male embryos (merge of two replicates) on the top left and ph505 male
embryos (merge of two replicates) on the bottom right. Data sets are
available at GSE99107.
Cis-decay curve analysis
For each single domain (fig. S2E), the observed and expected inter-
action counts for different bins of genomic separation were com-
puted (from 400 bp to the full TAD size and separated by at least
two fragments). The expected scores were taken by computing
over all possible pairwise fragment combinations. The observed
scores were obtained by counting all interactions within Hi-C
data, which correspond to a particular distance. The cis-decay curve
was plotted as the observed/expected ratio (the probability of detect-
ing a Hi-C interaction) over a particular genomic separation on a
logarithmic scale.
Analysis of domain contacts between different
chromatin colors
The boundaries of domains were demarcated using the topmost
fifth percentile of 5 kb–smoothed inferred distance-scaling
factors (6). Domains were merged when their length was smaller
than 10 kb. Then, domains were colored as red, blue, and black
according to k-means grouping results based on their average en-
richments of H3K4me3, H3K27me3, HP1, and H1 marks (6). We
generated a domain-level contact map by calculating ratios be-
tween observed contacts of associating fragments within each pair
of domains and total expected contacts based on the distance-
scaling model (factoring out the general tendency of adjacent do-
mains to contact each other). Differential contacts between WT
and ph null mutant male embryos are expressed as the log2 ratio
of the ph505 normalized contacts and the WT normalized contacts
(Fig. 5F).
Polymer modeling of haploid chromatin regions
We modeled the genomic region of chromosome X located be-
tween 4.58 and 5.03 Mbp by a flexible self-avoiding polymer con-
taining n = 225 monomers, each monomer, of size a, representing
2 kbp. The chain dynamics was mapped on a face-centered cubic
lattice following the kinetic Monte-Carlo scheme described by
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Olarte-Plata et al. (35) driven by short-range contact interactions
following the Hamiltonian

H ¼ ∑
n

i¼1
∑
n

j¼iþ1
Ui;jdi;j

whereUi,j is the energy of interaction betweenmonomers i and j, and
di,j = 1 if the two monomers are nearest neighbor on the lattice, and
di,j = 0 otherwise.

Parameters {Ui,j} were inferred such that the predicted contact map
at equilibrium is consistent with experiments. The corresponding target
contactmap (Fig. 4A, bottom) was derived from the experimental Hi-C
map at 10-kbp resolution: Similar to previous work (43), we
transformed the experimental normalized contact frequencies Ck,l into
contact probabilities Pk,l (the observable that we can directly compare to

simulations) using the following procedure: Pk;l ¼ min 1 Ck;l

C±1

� �
; where

C±1 is themedian value of {Ck,k+1}. The underlying assumption is that in
a polymer model, adjacent monomers are always in contact. Note that
in our polymer model, a 10-kbp region (the experimental resolution we
used to avoid too much sampling noise) is represented by five con-
secutive beads. Therefore, for a given simulated configuration, two
10-kbp regions will be predicted to be in contact if at least one 2-kbp
monomer of the first region is closest than a cutoff distance R to a
monomer of the second region. R corresponds to the maximal distance
between two loci that is captured by Hi-C experiments as a contact.
Using this definition, for a given set of parameters {Ui,j} and a given
value of R, we estimated the corresponding contact probability map
at 10-kbp resolution from the sampling of 10,000 configurations at
equilibrium (examples of configurations are given in Fig. 4D). For a
fixed R, the values of {Ui,j} were inferred by minimizing the c2 score

c2 ¼ ∑
k;l

½Pk;lðsimÞ � Pk;lð expÞ�2
s2klð expÞ

wheres2klð expÞ is the standard error of Pk,l(exp) estimated using exper-
imental replicates.We followed the scheme developed byGiorgetti et al.
(34) that makes use of Boltzmann reweighting to numerically speed up
the inference. Using this technique, convergence to a local minimum of
c2 is fast (fig. S8B). We repeated this operation several times by varying
also the values of R and took the realization with the lowest local
minimum (Fig. 4A and fig. S8B for R = 1.4a). The length unit in the
simulation (a = 102 ± 4 nm) was then fixed by comparing the predicted
distances between the three loci investigated by FISH to the
corresponding experimental data accounting for a random experimen-
tal error of ~100 nm (fig. S8C; see the “Image analysis” section for the
calculation of the experimental error).

For a given simulated configuration, the overlap fraction between
TAD 1 and TAD 2 was computed by estimating the 3D convex envel-
ope of each TADusing theMATLAB function convexhull and by com-
puting the fraction of TAD 1 and TAD 2monomers belonging to both
envelopes (an illustration in 2D is given in fig. S8F). An overlap fraction
of 0 (resp. 1) signifies that both TADs occupy separate (resp. common)
volumes.
Cell culture
S2R+ cells (stock #150, Drosophila Genomics Resource Center) were
grown at 25°C in Schneider’s S2 medium (S0146, Sigma-Aldrich)

complemented with 10% fetal bovine serum (FBS) (10500064, Gibco)
and 1% penicillin-streptomycin (15140122, Gibco).

For S2R+ Hi-C, cells were incubated with enhanced green fluores-
cent protein (EGFP) double-stranded RNA (dsRNA). For each well
(six-well plate), 1 × 106 cells in 1-ml serum-freemediumwere deposited
with 17.5 mg of dsRNAand incubated for 30min before addition of 2ml
of medium with 15% FBS. Cells were then grown for 5 days at 25°C
before harvest. EGFP dsRNAs were obtained from plasmid PCR
amplification (sequences given below), followed by in vitro transcrip-
tion using the MEGAscript Kit (Ambion Inc.):

EGFP FWD-primer: 5′-T7-GACGTAAACGGCCACAAGTT-3′
EGFP REV-primer: 5′-T7-TGCTCAGGTAGTGGTTGTCG-3′
T7 sequence: 5′-TAATACGACTCACTATAGGG-3′
EGFP amplicon sequence: GACGTAAACGGCCACAAGTT-

CAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGG-
CAAGCTGACCCTGAAGTTCATCTGCACCACCGG-
CAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCT-
GACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCA-
CATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCC-
GAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGAC-
GACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTC-
GAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGG-
CATCGACTTCAAGGAGGACGGCAACATCCTGGGGCA-
CAAGCTGGAGTACAACTACAACAGCCACAACGTCTATAT-
CATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTT-
CAAGATCCGCCACAACATCGAGGACGGCAGCGTG-
CAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGC-
GACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCA
Drosophila
For the FISH experiments, flies were raised in standard cornmeal yeast
extract media at 21°C. Embryos were harvested on agar/vinegar plate
at stages 15 to 16 after egg laying, equivalent to a development of 12
to 16 hours at 25°C. Embryos weremanually dechorionated on a double-
face adhesive tape and displayed on an agar/vinegar plate to avoid drying
during manual selection under a GFP binocular. The Oregon-R w[1118]
linewas used as theWT control line. To analyze haploid regions on chro-
mosome X inmale embryos, a Y-GFP reporter line (Y-GFP line: y[1],
w[67c23]; Dp(1;Y), y[+] P{ry+11} P{w[+mC]=ActGFP}JMR1) was used
for the selection of WT GFP+ male embryos. This line was a gift of
S. Hayashi and is described by Hayashi (44). The phdel stock was
balanced over the KrGFP-FM7c balancer (obtained from BL#5193 of
the Bloomington Drosophila Stock Center) for the selection of hemi-
zygous phdel GFP− null mutant male embryos. The phdel stock was a
gift from the laboratory of J. Wang.

For embryo Hi-C, flies were raised in standard cornmeal yeast ex-
tract media at 25°C. The ph505 stock was balanced over the KrGFP-
FM7c balancer for the selection of hemizygous ph505GFP− null mutant
male embryos. The Y-GFP line described above was used for the selec-
tion of WT GFP+ male embryos to be compared with the ph mutant
male embryos.

Statistical analysis
Description of statistical analysis is included in the figure legends.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/2/eaar8082/DC1
fig. S1. Chromatin nanostructure visualization with 3D-SIM imaging.
fig. S2. Dual labeling Oligopaint FISH.
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fig. S3. Resolution of homologous TADs with 3D-SIM.
fig. S4. Oligopaint probe–targeted regions in S2R+ cells and embryos.
fig. S5. Cell cycle staging of S2R+ cells.
fig. S6. Super-resolution imaging of haploid chromatin folding.
fig. S7. 2D dSTORM imaging of TAD 1 and spanning probes.
fig. S8. Modeling the X chromatin region.
fig. S9. Quality control of SI acquisitions.
table S1. Libraries for Oligopaint probes.
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5.2 Microscopy-Based Chromosome Conformation Capture En-
ables Simultaneous Visualization of Genome Organization
and Transcription in Intact Organisms

In this work, we present our recently developed imaging technique, Microscopy-Based
Chromosome Conformation Capture (Hi-M). We applied the technique to study the rela-
tion between gene expression and TAD architecture, combining sequential hybridization
of fluorescent probes and RNA labelling. We show that TADs in cells where the genes
are active display a different architecture than those in cells where the genes are not
transcribing. We also revealed that paired and unpaired chromosomes have equivalent
architectures, but unpaired chromosomes have a more decompacted folding. In this work,
I contributed first by performing tests (mainly embryos attachment and drift correction
strategies), tuning and modifying protocols (embryos attachment, labeling protocol to
improve efficiency) and perfoming controls (test experiments) that helped to the develop-
ment of the technique. After this, I contributed to data acquisition, performing embryo
labeling and part of the acquisitions in early NC14 embryos. All of this work was done
with Andrés Cardozo-Gizzi, Sergio Espinola, Olivier Messina, Christophe Houbron and
Jean-Bernard Fiche, under the supervision of Marcelo Nollmann. Then, I analysed the
data obtained, together with Andrés Cardozo-Gizzi. I also took care of fly handling and
embryo collection, together with Olivier Messina. The work in this paper allowed me to
be involved in all stages of Hi-M experiments, from embryo collection to image analysis.
My work was done under the supervision of Diego Cattoni and Marcelo Nollmann.
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SUMMARY

Eukaryotic chromosomes are organized in multiple
scales, from nucleosomes to chromosome terri-
tories. Recently, genome-wide methods identified
an intermediate level of chromosome organization,
topologically associating domains (TADs), that play
key roles in transcriptional regulation. However,
these methods cannot directly examine the interplay
between transcriptional activation and chromosome
architecture while maintaining spatial information.
Here we present a multiplexed, sequential imaging
approach (Hi-M) that permits simultaneous detection
of chromosome organization and transcription in
single nuclei. This allowed us to unveil the changes
in 3D chromatin organization occurring upon tran-
scriptional activation and homologous chromosome
unpairing during awakening of the zygotic genome in
intact Drosophila embryos. Excitingly, the ability of
Hi-M to explore the multi-scale chromosome archi-
tecture with spatial resolution at different stages of
development or during the cell cycle will be key to
understanding the mechanisms and consequences
of the 4D organization of the genome.

INTRODUCTION

The study of chromosome organization and transcriptional regu-

lation has recently been revolutionized by the advent of genome-

wide sequencing methods. In particular, chromosome confor-

mation capture technologies such as Hi-C have revealed that

eukaryotic chromosomes are organized into topologically asso-

ciating domains (Dixon et al., 2012; Nora et al., 2012; Sexton

et al., 2012) that can interact to form active or repressed com-

partments (Dixon et al., 2015; Lieberman-Aiden et al., 2009).

Importantly, disruption of topologically associating domain

(TAD) architecture leads to developmental pathologies and dis-

ease because of improper gene regulation (Dixon et al., 2016;

Hnisz et al., 2016; Spielmann et al., 2018). Thus, determining

the role of chromatin architecture in gene regulation has become

a key issue in the fields of chromatin biology and transcription.

Recently, single-cell Hi-C and imaging studies showed that

chromosomal contacts within and between TADs are highly sto-

chastic and occur at surprisingly low frequencies (Cattoni et al.,

2017; Flyamer et al., 2017; Nagano et al., 2017; Stevens et al.,

2017). The origin of these heterogeneities has been unclear

and may arise from multiple sources, such as variations in tran-

scriptional and/or epigenetic state between cells in multicellular

organisms or in cell cultures. Up until now, it has been difficult to

detect the origin of these variations because methods that are

able to detect transcriptional output and chromosome organiza-

tion simultaneously at the single-cell level and in the context of

an organism have been lacking. In part, this is due to the loss

of spatial information in sequencing-based methods.

The study of chromatin architecture and organization by

microscopy is limited by several factors. In conventional fluo-

rescence in situ hybridization (FISH), the number of spectrally

distinguishable fluorophores in standard microscopes limits

the maximum number of genomic loci that can be simulta-

neously imaged (usually less than 4). In addition, FISH probes

are typically large (>10 kb) and difficult to construct, at least in

large numbers. These limitations impose an upper limit on the

genomic coverage achievable by FISH. Newly developed, low-

cost, high-efficiency, on-chip DNA synthesis for high-coverage

oligopaint FISH have been used to directly label and image entire

TADs (Beliveau et al., 2015; Boettiger et al., 2016; Szabo et al.,

2018) and TAD borders (Cattoni et al., 2017). These technologies

have recently been combinedwithmultiplexed sequential optical

imaging to detect hundreds of individual RNA species while still

maintaining spatial information (Chen et al., 2015; Eng et al.,

2017; Moffitt et al., 2016; Shah et al., 2018) as well as to visualize

212 Molecular Cell 74, 212–222, April 4, 2019 ª 2019 Elsevier Inc.
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Figure 1. Hi-M Enables Exploration of Chromosome Structure in Single Cells in Intact Organisms with High Genomic Coverage and High

Spatial Resolution

(A) Schematic representations of an example locus and the labeling strategy. TADs are depicted as a blue or green triangle, genes as arrows, and insulators as red

triangles. Bar codes are indicated as rectangles with a color code following their genomic location. Inset: each bar code is composed of multiple short oligo-

nucleotides with a genome homology region (black), a region for secondary oligo binding (light green), and a fluorescent readout probe (dark green and red).

(B) Schematic representation of the Hi-M setup. A robotic multi-color, 3D wide-field imaging system was coupled to an automatic fluid-handling device (see

main text and STAR Methods). Multiplexed bar code imaging is achieved by injecting readout probes sequentially (depicted as colored rectangles). Within the

microfluidics chamber, Drosophila embryos are attached to a poly-lysine-treated coverslip.

(C) Acquisition and analysis Hi-M imaging pipeline (see Figures S1A–S1C for more details). An entire embryo is shown; each nucleus is represented by a different

color (left). Image registration phase: each nucleus in a field of view is segmented based on DAPI staining (left). Next, masks were classified according to RNA

expression levels as expressing (green) or not expressing (black; middle). Fiducial bar codes are imaged, segmented, and localized (right). Multiplexed bar code

(legend continued on next page)
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the segregation of TADs into chromosome territories (Wang

et al., 2016). These methods, however, lack the genomic resolu-

tion to detect TADs and to correlate them with transcriptional

activity in the context of intact tissues or organisms.

DESIGN

To overcome these limitations, we introduce a high-throughput,

high-resolution, high-coverage, microscopy-based technology

(Hi-M) capable of simultaneously detecting RNA expression

and 3D chromatin organization at the single-cell level with nano-

meter and kilobase resolutions in intactDrosophila melanogaster

embryos.

Hi-Mmicroscopy relies on the sequential labeling and imaging

of multiple DNA loci in genomic regions spanning hundreds of

kilobases (kb). DNA was labeled using oligopaint technologies

(Beliveau et al., 2012, 2015). A primary library containing thou-

sands of oligonucleotides targeting multiple genomic loci was

designed and produced by high-throughput DNA synthesis

(STAR Methods). The subset of oligonucleotides targeting each

genomic locus (hereafter called bar code) contained unique tails

with specific sequences that could be independently read by

complementary, fluorescently labeled oligonucleotide probes

(hereafter called readout probes; Figures 1A and S1A). An addi-

tional bar code (hereafter called fiducial bar code), visible in all

rounds of hybridization, was used for image registration and drift

correction (STAR Methods).

Bar codes were imaged using a robotic, fully automated, four-

color microscope coupled to an automatedmicrofluidics system

(Figure S1B). The imaging registration phase involved the acqui-

sition of four-channel, 3D images of each entire embryo in the

chamber to identify embryonic morphology (bright field), nuclei

by DAPI staining (blue channel), and RNA expression patterns

(green channel) and detect the positions of fiducial bar codes

(yellow channel) (STAR Methods; Figures 1C and S1C). Next we

performed multiple sequential cycles of hybridization, washing,

and imaging of each bar code using a dedicated fluid-handling

system (Figures 1B and 1C; STARMethods). For each hybridiza-

tion cycle, we performed 3D, two-color imaging of readout

probes and fiducial bar codes (Figures 1C and S1A–S1C; STAR

Methods). Sample drift during acquisition was corrected using

the fiducial bar code (Figures S1D and S1E; STAR Methods).

A custom-made analysis pipeline was developed for semi-auto-

mated image processing and analysis (STAR Methods).

RESULTS

Hi-M Enables Visualization of Chromosome Structure
with High Coverage and High Resolution
We applied Hi-M to study chromosome organization during early

Drosophila development at the time of zygotic genome activation

(ZGA). For this purpose, we initially focused on a genomic locus

containing the snail (sna) and escargot (esg) genes, which are

among the �100 genes expressed during the first wave of ZGA

as early as stage 4 (nuclear cycle [nc] 10–13) (Chen et al.,

2013). The Sna and esg genes encode zinc-finger transcription

factors, essential for a variety of processes such as gastrulation,

neuroblast specification, and stem cell maintenance (Ashraf

et al., 1999; Korzelius et al., 2014). In nc 14, the genomic locus en-

compassing these genes folds into a well-defined TAD (Ogiyama

et al., 2018) demarcated by two borders containing class I insula-

tors (CCCTC binding factor [CTCF], Beaf-32, and CP190) (Nègre

et al., 2010) and housekeeping genes (Figure 1D). To study the 3D

organization of this locus by Hi-M, we designed an oligopaint

library covering the whole locus with an average distance be-

tween bar codes of 17 kb (Figure 1D). This primary library con-

sisted of �2,000 different 142-bp oligonucleotides targeting 22

loci around sna (21 bar codes and a fiducial bar code).

We performed Hi-M experiments on the sna-esg locus in

Drosophila embryos in nc 14. Dozens of embryos were attached

imaging phase: readout probes are sequentially injected, imaged, segmented, and localized. Reconstruction phase: after drift correction, the 3D positions of all

bar codes were retrieved for each nucleus in the embryo. Scale bars are indicated in the figure.

(D) Hi-C map of nc 14 Drosophila embryos for the region 2L:15.250–15.650 Mb, indicating normalized contact probability with a scale going from white (low) to

blue (high) (Ogiyama et al., 2018). TADs detected by Hi-C (TAD-1 and TAD-2) are delineated with blue and green dotted lines, respectively. esg and sna are

indicated by magenta and red lines, respectively. Normalized counts are color-coded according to scale bar. Bottom: genes, RNA-seq from embryos 2–4 h of

development, ChIP-seq from phospho Pol II (S5) from nc 14 embryos, and ChIP-seq against CP190. Genomic positions of bar codes are represented as in (A).

(E and F)Mean physical distance (E) and absolute contact probability (F) versus genomic distance fromHi-M (blue circles). Black filled circles are data points from

our previous study, where we performed pairwise measurements in Drosophila embryo cells in a different locus using 3D-structured illumination microscopy

(Cattoni et al., 2017). Solid red lines depict a power-law fit with the scaling exponents. b = 0.23 ± 0.02 in (E) and ⍺ = �0.4 ± 0.02 in (F). n = 6,643.

(G) Hi-Mmap and interpolated Hi-Cmatrix from nc 14wild-type embryos spanning the�400-kb region encompassing sna and esg. Bar codes are represented as

in (A). esg and sna are indicated by magenta and red lines, respectively. Features observed in Hi-C at the interpolated resolution and at 5-kb resolution are

equivalent (Figure S1J). Relative (Hi-C) and absolute (Hi-M) contact frequencies are color-coded according to the scale bar. We estimate the absolute contact

probability, as described previously (Cattoni et al., 2017), by integrating the area of the pairwise distance distribution below 120 nm. This threshold value was

chosen from the integration of the pairwise distance distribution of a doubly labeled locus. A good correlation between Hi-M replicates was found (Pearson

correlation = 0.92; Figure S1J). n = 6,643.

(H) Normalized Hi-M contact maps from nc 14 wild-type Drosophila embryos. Normalization is achieved by dividing observed versus expected contact fre-

quencies for equivalent genomic distance. The expected contact frequency is obtained from the fit in (F). The color scale on the right indicates fold enrichment in

log scale (positive, blue; negative, red; white, equal). Green arrows indicate chromosomal regions with contact frequencies lower than expected. TADs detected

by Hi-C are shown with dotted black lines. Bar codes are represented as in (A). n = 6,643.

(I) Normalized mean physical distance map from nc 14 wild-type Drosophila embryos. Normalization is achieved by subtracting observed and expected dis-

tances. The expected distance was obtained from the fit in (E). The color scale indicates distances lower (magenta) or higher (cyan) than expected. Normalized

distances are shown in nanometers. The red arrow indicates regions displaying distances higher than expected. TADs detected by Hi-C are shown with dotted

black lines. Bar codes are represented as in (A). n = 6,643.

See also Figure S1.
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to a poly-L-lysine-coated coverslip andmounted into amicroflui-

dics chamber (STAR Methods; Figure 1B). The overall labeling

efficiency was over 60% and did not vary considerably between

hybridization cycles (Figure S1G). To validate the method, we

first measured the mean physical distances and the absolute

probability of interaction between any two loci as a function of

their genomic distance (Figures 1E and 1F; STAR Methods).

These data overlay well with our recent pairwise distance and

absolute contact frequency measurements using super-resolu-

tion microscopies (Cattoni et al., 2017). Furthermore, there

is a good correspondence between replicates, as reflected by

similar chromatin polymer properties, contact probabilities,

and pairwise distance distributions (Figures S1H–S1J). It is worth

noting that a Hi-M dataset provides much larger coverage

for both types of measurements while being much less time-

consuming (2 days versus �1 year for the datasets displayed

in Figures 1E and 1F).

Next we constructed a contact probability map from our Hi-M

dataset and compared it with publishedHi-C data interpolated at

the bar code positions (Figures 1D and S1K; STAR Methods)

from equivalent Drosophila embryonic stages (Ogiyama et al.,

2018). Hi-C and Hi-M maps are remarkably similar (Figure 1G).

Contact frequencies display a high correlation across several or-

ders of magnitude (Figure S1L; Pearson correlation coefficient =

0.91). This high correlation between results from two different

methods provides cross-validation for both technologies at

the length scales probed in this study. Two clearly distinguish-

able TADs are visible in this locus for both matrices (TAD-1

and TAD-2; Figure 1G). TAD-1 contains the sna and esg genes

and is separated from TAD-2 by a barrier containing highly

expressed housekeeping genes, RNA polymerase II (Pol II),

class I insulator proteins, and Zelda (Figures 1D and S4D).

To further characterize chromatin organization, we built

normalized contact and distance maps implementing a normal-

ization method similar to that performed for Hi-C data (Lieber-

man-Aiden et al., 2009). Here we normalized contact frequency

and mean spatial distance maps to the expected contact fre-

quencies and spatial distances at each genomic distance as

predicted by the power-law scaling fits in Figures 1E and 1F.

The normalized contact map showed enriched interactions

within each of the two TADs detected by genomic methods (Fig-

ure 1H, dashed boxes) and depleted interactions at TAD borders

(Figure 1H, green arrow). Interestingly, pairwise distances within

TADs were smaller than expected, whereas pairwise distances

of loci at TAD borders were higher. Thus, the chromatin fiber ap-

pears to be condensed within TADs and decondensed at TAD

borders (Figure 1I, dashed boxes and red arrows, respectively).

Chromosome Structure in Paired and Unpaired
Chromosomes
Drosophila chromosomes display a high degree of homologous

pairing in somatic cells (Fung et al., 1998; Joyce et al., 2012).

Thus, an important unanswered question is whether chromo-

some architecture is influenced by pairing. This question cannot

be answered by genome-wide methods because they are un-

able to distinguish between inter- and intra-chromosomal con-

tacts. We took advantage of the capability of Hi-M to discern

paired and unpaired homologous chromosomes to compare

chromatin structure in each configuration. From the bar code

coordinates in each nucleus, we classified chromosomes as be-

ing ‘‘paired’’ when all bar codes in that nucleus are detected not

more than once. Instead, a nucleus contains ‘‘unpaired’’ chro-

mosomes when at least one bar code is detected more than

once in that nucleus. Using this definition, partially or completely

unpaired chromosomes are classified as unpaired (Figure S2A).

In our Hi-M data, the frequency of bar code pairing was �70%

for nc 14 nuclei (Figure S2B), in good agreement with previously

published results (Bateman and Wu, 2008; Fung et al., 1998).

Normalized distance maps and contact matrices for paired and

unpaired chromosomes were qualitatively very similar (Figures

2A, S2C, and S2D). To quantitatively compare these two config-

urations, we performed amulti-scale correlation analysis of Hi-M

distancemaps (STARMethods). This analysis revealed that Hi-M

matrices are almost identical (correlation = 1) at low resolution

and retained a large, although reduced, similarity even at the

highest resolution (correlation = 0.6; Figure 2B). This indicates

that the overall organization of chromatin into TADs is partially

similar in paired and unpaired chromosomes (see discussion in

Figure S2E). Consistently with this picture, mean pairwise dis-

tances between paired and unpaired chromosomes were highly

correlated (Figure 2C). Remarkably, however, pairwise distances

in unpaired chromosomes were, in most cases, larger than the

corresponding distance for paired chromosomes (Figure 2C).

These results suggest that chromatin folding into TADs is similar

in paired and unpaired chromosomes but that there is certainly

an overall compaction of chromatin upon pairing or decompac-

tion upon unpairing.

Chromosome Organization Changes during the Cell
Cycle and Development
Recent genome-wide studies have shown that chromosome

organization into TADs changes during the cell cycle (Hug et al.,

2017;Naganoetal., 2017;Naumovaetal., 2013).Tostudywhether

we could observe such changes by microscopy, we performed

Hi-M in embryos undergoing mitosis (Figure 3A). We observed

that TADswere no longer discernible at this phase of the cell cycle

and that the frequency of genomic contacts was almost indepen-

dent of genomic distance at short scales (<400 kb; Figures 3B–3D

and S3D), reflecting a lack of hierarchical organization during

mitosis.Overall, these results are in excellent agreementwithpub-

lished Hi-C data (Hug et al., 2017; Nagano et al., 2017; Naumova

et al., 2013; Figures 3B and S3A). Normalized distancemaps indi-

cate a low correlation between physical and genomic distances

(Figure 3D), consistent with irregular, intermingled loops forming

a uniform-density, phase-like structure, as proposed previously

(Naumova et al., 2013; Nishino et al., 2012).

Next we used Hi-M to investigate whether chromosome

organization changed during the mid-blastula transition (MBT)

at the onset of the major wave of zygotic transcription occurring

at nc 14. For this, we performed Hi-M in embryos in nc 12–13

(pre-MBT) and nc 14 (MBT) (Figures 3E and 3I). Hi-M maps dis-

played good correspondence with Hi-C maps (Figures 3F, 3G,

3J, and 3K). Notably, TADs emerged at the onset of ZGA (Figures

3G and 3K), consistent with previous Hi-C studies (Figures 3F,

3J, S3B, and S3C; Hug et al., 2017; Ogiyama et al., 2018).

Hi-M contact frequencies decayed more dramatically with
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genomic distance in nc 14 than in previous nuclear cycles,

consistent with a change in the overall organization of the chro-

matin fiber occurring at this stage (Figures S3D–S3F). These

local changes in chromatin organization were also clearly seen

in normalized mean distance maps, where progressive conden-

sation of chromatin in TADs between nc 12–13 and nc 14 can be

observed (Figures 3H and 3L). Next we calculated the coefficient

of variation (ratio between SD and mean), a measure of hetero-

geneity in the cell population. We observed that maps of the

coefficient of variation correlate with the emergence of TADs

(Figures S3G–S3I). Interestingly, at nc 14 the coefficient of

variation was �1 inside TADs, low (�0.5) in regions of the map

encompassing interactions between TADs, and high (�1.5) in

gene-rich regions (see the RNA sequencing [RNA-seq] and

Pol II profiles in Figure 1D). In contrast, this pattern was disrupted

in early embryos (nc 12–13) or in mitotic cells where TAD archi-

tecture was absent (Figures S3G and S3H). Altogether, these re-

sults indicate that heterogeneity in chromosome architecture is

modulated by structural and functional features of the genome.

Simultaneous Measurement of TAD Organization and
Transcriptional Activity in Single Nuclei
Several studies correlating chromosome organization and tran-

scription have suggested that TAD organization changes upon

transcriptional activation (Cruz-Molina et al., 2017; Hug et al.,

2017; Phanstiel et al., 2017; Stadhouders et al., 2018). However,

because of intrinsic limitations in Hi-C technologies, it has been

so far impossible to detect chromosome organization and

transcriptional state at the same time in single cells. We set

out to test whether Hi-M could be adapted to perform this

A B

C

Figure 2. Chromosome Architecture in Unpaired and Paired Homologous Chromosomes

(A) Hi-M normalized distance maps from paired (top) or unpaired (bottom) homologous chromosomes. Normalized distances are color-coded according to scale

bar (nm). Bar codes are represented as in Figure 1A. The schematic representation indicates paired and unpaired homologous chromosomes (top and bottom

right). Number of examined nuclei: n = 1,564 (paired), n = 5,052 (unpaired).

(B) Top: Hi-M interpolated normalized distance maps at three different resolutions as examples for paired (P) and unpaired (U) chromosomes. Normalized

distances are color-coded according to scale bar (nm). Bottom:multi-scale correlation of Hi-M normalized distancemaps for paired and unpaired chromosomes.

Blue circles represent the correlation of maps between paired and unpaired chromosomes at different resolutions. Red circles represent the correlation between

randomized matrices as a function of resolution. N as in (A).

(C) Paired chromosomemean pairwise distances versus unpaired chromosomemean pairwise distances, represented as blue crosses. The red line represents a

slope equal to 1. Note the tendency of unpaired chromosome pairwise distances to be higher than the corresponding ones for paired chromosomes. Pearson

correlation coefficient = 0.91. N as in (A).

See also Figure S2.
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A B C D

E F G H

LKJI

Figure 3. In Situ Single-Cell Exploration of Chromosome Conformation during the Cell Cycle and Development

(A, E, and I) Top: schematic representation of an embryo undergoing mitosis (A), nc 9-13 (pre-MBT) (E), and nc 14 (MBT) (I). Bottom: DAPI image of a repre-

sentative embryo of the corresponding stage. Scale bar, 50 mm.

(B, F, and J) Hi-Mmap (top right triangle) and interpolated Hi-Cmatrix (bottom left triangle) from embryos undergoing mitosis (B), nc 9-13 (pre-MBT) (F), and nc 14

(MBT) (J). Barcodes are represented as in Figure 1A. Features observed in Hi-C at the interpolated resolution and at 5-kb resolution are equivalent (Figure S3A).

Relative (Hi-C) and absolute (Hi-M) contact frequencies are color-coded according to the scale bar. Number of examined nuclei: n = 1,430 (mitosis), n = 2,933

(nc 12–13), n = 6,643 (nc 14).

(C, G, and K) Normalized Hi-M contact maps from embryos undergoing mitosis (C), nc 9-13 (pre-MBT) (G), and nc 14 (MBT) (K). The color scale on top is as in

Figure 1H. TADs assigned by Hi-C are shown with dotted black lines. Bar codes are represented as in Figure 1A. N as in (B), (F), and (J).

(D, H, and L) Normalizedmean physical distance maps from embryos undergoingmitosis (D), nc 9-13 (pre-MBT) (H), and nc 14 (MBT) (L). The color scale on top is

as in Figure 1I. TADs observed in nc 14 are delineated with dotted blue lines. Bar codes are represented as in Figure 1A. Schematic representations for each

developmental state are shown below thematrices. Blue and green represent the chromatin fiber in each of the two TADs detected byHi-C. N as in (B), (F), and (J).

See also Figure S3.
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measurement. For this, we included an RNA labeling step in our

imaging pipeline (STAR Methods) that allows us to detect which

nuclei in the embryo are transcriptionally active (Figure 4A). Spe-

cifically, we labeled and imaged sna transcripts in whole em-

bryos and detected their characteristic ventral expression

pattern in nc 14 (Alberga et al., 1991; Figure 4A).

Hi-C maps at the sna locus contains two TADs (TAD-1 and

TAD-2), with TAD-1 displaying looping interactions between

regions surrounding sna and esg (Figure S4A). Surprisingly,

TAD-1 could be clearly discerned in nuclei where sna was

repressed but not in transcriptionally active nuclei (Figures 4B

and 4C). These changes are also clearly observed in normalized

contact maps (Figure S4B). This observation strongly suggests

that chromatin organization into TADs is disrupted by transcrip-

tional activation.

To gain further insight into the structural changes that may un-

derpin this difference in TAD organization, we calculated the

normalized median distance maps for sna-positive nuclei and

for their neighboring inactive nuclei. The patterns of chromatin

folding within the largest TAD (containing sna) showed clear

changes upon sna expression (Figures 4D, 4E, and S4C). Strik-

ingly, chromatin structure in the vicinity of snawas locally decon-

densed in nuclei exhibiting active sna transcription. In nc 14, the

expression patterns of sna and esg do not overlap in space

(Hemavathy et al., 2004). Thus, the local chromatin decondensa-

tion in the vicinity of esg in nuclei that are not transcribing sna is

consistent with active esg transcription leading to local chro-

matin decondensation.

Hi-Cmaps from nc 14 display specific looping interactions be-

tween regions surrounding esg and sna (Figure S4A). However,

Hi-C cannot discern whether these contacts depend on the

transcriptional status of these genes. Surprisingly, by Hi-M, we

observed dramatic changes in the internal organization of

TAD-1 upon sna activation, with genomic regions around sna

and esg being closer than expected in both active and inactive

nuclei (Figures 4D, 4E, and S4B). Exploration of existing

chromatin immunoprecipitation sequencing (ChIP-seq) datasets

showed that the region surrounding and encompassing these

genes is occupied by active (GAF [GAGA-factor], Zelda,

CP190) (Blythe and Wieschaus, 2015) as well as inactive marks

(polycomb-group proteins, histone 3 lysine 27 tri-methylated

[H3K27me3]) (Figure S4D). Thus, we hypothesize that different

networks of contacts are responsible for the distinct patterns

of interactions visualized by Hi-M in active and inactive nuclei.

DISCUSSION

We developed a new method (Hi-M) based on sequential, multi-

plexed, high-throughput hybridization and imaging of oligopaint

probes to simultaneously visualize chromosome organization

and transcriptional activity in single cells while preserving tissue

context. We validated our method by comparing our results with

existing microscopy and Hi-C datasets and by showing that

TADs detected by Hi-M are disrupted during mitosis and emerge

at the onset of ZGA during embryonic development. Overall,

these experiments strongly support the ability of Hi-M to capture

chromosome conformations at the single-cell level under a

variety of experimental conditions. In addition, we used Hi-M

to directly show that chromosome pairing leads to general

compaction of chromatin without an overall change in TAD orga-

nization and that distance distributions within TADs change

dramatically upon transcriptional activation.

The degree of pairing between homologous chromosomes in

Drosophila has been characterized previously (Bateman and

Wu, 2008; Cattoni et al., 2017; Fung et al., 1998; Joyce et al.,

2012); however, the organization of chromatin within paired or

unpaired homologous chromosomes remained inaccessible to

conventional microscopy imaging. Hi-M revealed that paired

and unpaired chromosomes share equivalent TAD architectural

features but that the unpaired chromosomes display less

compact folding. Interestingly, during the revision process of

this work, a new Hi-C study confirmed our Hi-M predictions for

early Drosophila embryos, showing the conservation of domains

in paired and unpaired chromatin (Erceg et al., 2018).

Upon mitosis, the decrease in insulation at borders leads to

loss of chromatin compartmentalization in metazoans (Nagano

et al., 2017; Naumova et al., 2013). Hi-M retrieved equivalent

results by directly evaluating the absolute frequency of interac-

tion at the single-nucleus level. Moreover, the homogeneous

variance distribution of distances (Figure S3G) during mitosis

obtained by Hi-M is compatible with the recently proposed

model of helical arrangements and nested loops of mitotic

chromosomes (Gibcus et al., 2018). Hi-M opens many new pos-

sibilities, such as the determination of 3D chromatin architecture

at different mitotic stages (prophase, metaphase, and anaphase)

to decipher at which of these stages TAD organization is re-

gained and the mechanisms involved in this process.

Early evidence suggesting large-scale chromatin structure

changes upon transcriptional activation (Tumbar et al., 1999)

has been recently confirmed by genome-wide approaches

focusing on genome activation during development (Du et al.,

2017; Hug et al., 2017; Ke et al., 2017). Hi-M satisfactorily repro-

duced previous genome-wide findings of chromosome organi-

zation during the zygotic awakening of Drosophila and gave

additional insight into the organization of chromatin. Particularly,

we show that not only changes in the frequency of interaction

between loci accompanies gene activation, as suggested previ-

ously (Hug et al., 2017), but also full reshaping of the 3D organi-

zation of the TAD, compatible with recently proposed models

based on kinetic measurements of transcription and local reor-

ganization of chromatin (Chen et al., 2018; Shah et al., 2018).

Excitingly, Hi-M can be widely applied to detecting single-cell

chromosome organization and transcription in cultured cells

from bacteria to mammals or in multicellular organisms and tis-

sues.We note that a key advantage of ourmethod is that it would

also allow the combination of single-nucleus analysis with spatial

mapping of the relationship between structure and function (i.e.,

chromatin architecture and gene expression) in fly embryos and

in more complex tissues. Thus, this novel technology has the

potential to revolutionize the study of chromosome architecture

in many fields and at many different scales.

Limitations
Here we show that Hi-M can simultaneously label �21 distinct

DNA loci. Current developments in liquid-handling technologies

are being made to increase this number by about one order of
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A

B C

D E

Figure 4. Simultaneous Detection of Chromo-

some Organization and Transcription by Hi-M

(A) Single-cell RNA expression detection. Top:

scheme depicting the Hi-M experimental design.

Bottom left: representative full-embryo sna RNA im-

age obtained from the image registration step. The

image is composed of amosaic of three fields of view.

Scale bar, 20 mm. Bottom right: result of nucleus

segmentation and RNA state assignation for the full

embryo. Nuclei expressing sna are shown in green,

whereas nuclei not expressing sna appear in black.

For the displayed embryo in the example, 63% of

nuclei are expressing sna, although this percentage

depends on the orientation.

(B and C) Hi-M absolute contact matrices for nuclei

expressing (C) or not expressing (B) sna. Absolute

contact frequency is color-coded according to the

scale bar and ranges from 0 to 0.9 (log scale). Bar

codes are represented as in Figure 1D. n = 4,402 (off

nuclei examined) and n = 2,265 (on nuclei examined).

(D and E) Normalized Hi-M distance maps for nuclei

expressing (E) or not expressing (D) sna. The color

scale indicates distances shorter (magenta) or higher

(cyan) than expected (scale in nanometers). Solid

lines represent the positions of sna and esg. Bar

codes are colored as in Figure 1A. Bottom: schematic

representations of TAD organization in transcription-

ally on or off nuclei. TAD-1 is represented in blue and

TAD-2 in green. n as in (B) and (C).

See also Figure S4.
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magnitude, which would allow an overall increase in the size of

the region that can be probed by Hi-M in similar timescales.

Further optimization of Hi-Mwill involve simultaneous acquisition

of several colors, which would shorten the acquisition time by a

factor of 2–3 (Moffitt et al., 2016). Use of combinatorial labeling

schemes should make it possible to considerably increase the

number of detected DNA loci without increasing the number of

hybridization cycles (Chen et al., 2015; Shah et al., 2018).

A second current limitation of Hi-M is that it can detect a single

RNA species because it requires the use of digoxigenin-labeled

RNA probes. We envision that it should be relatively straightfor-

ward to increase the number of RNA species by using orthogonal

chemistries (e.g., biotin). This approach, however, will be limited

to a few RNA species. To considerably increase the number of

detected RNA species will likely require that RNA species are de-

tected prior to DNA detection using adaptations of multiplexed

RNA detection protocols (Chen et al., 2015).

A third limitation of Hi-M is the size of probes (currently�4 kb,

70 primary oligos). We envision that the use of fewer primary oli-

gos (�20–30) should ensure specificity of detection and reduce

the size of the probe to�1.5–2 kb. Further increases in the num-

ber of fluorophores per primary oligonucleotide could enable

sub-kilobase resolution. It is, however, important to bear in

mind that a reduction in probe size will have to be balanced by

a reduction in the genomic frequency of probes or by a reduction

in the size of the genomic region being probed. The minimal

inter-probe distance used in this study was �10 kb. We note

that further reducing the inter-probe distancemay require further

improvements in localization precision and drift correction.

Finally, our current implementation of Hi-M uses wide-field

microscopy. This method is ideally suited for detection in early

Drosophila embryos, where cells are organized in a 2D layer,

but not for samples with more complex architectures (such as

late-stage embryos). For these architectures, a confocal imaging

scheme would be better suited and will be explored in future.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Digoxigenin-POD, Fab fragments Sigma-Aldrich Cat #11207733910; RRID:AB_514500

Chemicals, Peptides, and Recombinant Proteins

Alexa Fluor 488 Tyramide Reagent Invitrogen Cat#B40953

16% Formaldehyde Solution (w/v), Methanol-free Thermo Fisher Cat#28908

Tris(2-carboxyethyl)phosphine hydrochroride Sigma-Aldrich Cat#646547

Blocking reagent Sigma-Aldrich Cat#11096176001

Hydrogen peroxide Sigma-Aldrich Cat#H1009

RNase Sigma-Aldrich Cat#R6513

Salmon sperm Ambion Cat#AM9680

Heparine Sigma-Aldrich Cat##H4784

Deposited Data

Full pairwise distance distributions for all datasets This paper https://doi.org/10.17632/

5f5hd9yj3z.1#folder-26d1f8c0-

fc58-4b87-8c4f-cd8fa294a555

In situ Hi-C from mitotic embryos Hug et al., 2017 ArrayExpress:E-MTAB-4918

In situ Hi-C from nc 9-13 embryos Ogiyama et al., 2018 GEO:GSE103625

In situ Hi-C from nc 14 embryos Ogiyama et al., 2018 GEO:GSE103625

RNA-seq from 2-4 h embryos ENCODE Project Consortium Encode:ENCSR086YVX

ChIP-seq against RNA pol II(S5) from early nc 14 embryos Blythe and Wieschaus, 2015 GEO:GSE62925

ChIP-seq against RNA pol II(S5) from late nc 14 embryos Blythe and Wieschaus, 2015 GEO:GSE62925

ChIP-seq against H3K27me3 from nc 14c embryos Li et al., 2014 GEO:GSE58935

ChIP-seq against H3K27me3 from 14-16 h embryos Modencode consortium GEO:GSE47230

ChIP-seq against PH from 14-16 h embryos Schuettengruber et al., 2014. GEO:GSE60428

ChIP-seq against PC from 2-4 h embryos Koenecke et al., 2016 GEO:GSE68983

ChIP-seq against CTCF from 14-16 h embryos Modencode consortium GEO:GSE47264

ChIP-seq against CP190 from 14-16 h embryos Modencode consortium GEO:GSE47234

SNA_2to4h Koenecke et al., 2016 GEO:GSE68983

ChIP-seq against Zelda from nc 13 embryos Harrison et al., 2011 GEO:GSE30757

ChIP-seq against Zelda from nc 14 embryos Harrison et al., 2011 GEO:GSE30757

ChIP-seq against GAF from 14-16 h embryos Modencode consortium GEO:GSE47236

ChIP-seq against GAF from 2-4h embryos Koenecke et al., 2016 GEO:GSE68983

Experimental Models: Organisms/Strains

Oregon-R w1118 N/A

Oligonucleotides

Library amplification primers, BB287-FWD: 50- CGC TCG GTC

TCC GTT CGT CTC

IDT DNA N/A

T7+BB288-REV: 50-TAA TAC GAC TCA CTA TAG GGT TGG

GCT AGG TAC AGG GTT CAG C

Fluorescent oligonucleotides, see Table S3 IDT DNA N/A

Oligopaint library, see Table S4 Twist Bioscience N/A

Recombinant DNA

pl190 Plasmid: sna gene cloned in pBluescript II SK (+) vector Lagha et al., 2013 N/A

(Continued on next page)
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Marcelo

Nollmann (marcelo.nollmann@cbs.cnrs.fr).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Oregon-R w1118 fly stocks were maintained at room temperature with natural light/dark cycle and raised in standard cornmeal yeast

medium. Following a pre-laying period of 16-18 H in cages with yeasted 0.4% acetic acid agar plates, agar plates were changed for

new ones so flies can lay eggs during 1.5 H on the new plates. Embryos were then incubated at 25�C for an extra hour with 2.5 h of

total developmental time at the time of fixation.

METHOD DETAILS

Drosophila embryo collection
Embryos collection were as described (Trcek et al., 2017). Briefly, embryos were dechorionated with bleach for 5 min and thoroughly

rinsed with water. They were fixed in fixation buffer (1:1 mixture of 4%methanol-free formaldehyde in PBS and Heptane) by agitating

vigorously for 15 s and then letting stand the vial for 25min at RT. The bottom formaldehyde layer was replaced by 5mLmethanol and

embryos were vortexed for 30 s. Embryos that sank to the bottom of the tube, devitellinized, were rinsed three times with methanol.

Embryos were stored in methanol at �20�C until further use.

Oligopaint libraries
Oligopaint libraries were obtained from the Oligopaint public database (http://oligopaints.hms.harvard.edu) and consisted of unique

42-mer sequences with homology to the genome. Probe density was around 10-15 probes per kb. We selected 22 genomic regions

of interest (barcodes from now on) in the sna locus (2L:15244500..15630000 Drosophila release 6 reference genome), spanning a

total of�400 kb with an average distance between barcodes of 17 kb. For each barcode, we obtained seventy-five probes, covering

between 4-6 kb. See Table S1 for the coordinates of all barcodes used. One of the barcodes was selected as the fiducial barcode for

image registration and drift correction.

Each oligo in our template primary probe library contained 5 regions: (from 50 to 30) i) a 21-nucleotide (nt) forward universal priming

region for library amplification (50-CGCTCGGTCTCCGTTCGTCTC), ii) a 30/32-nt readout region for binding of a complementary fluo-

rescent secondary probe unique for each barcode (see Table S2 for all of readout region sequences), iii) the 42-nt genome homology

region for in situ hybridization to the target chromosomal DNA sequence, iv) a duplication of 30/32-nt readout region to allow for the

binding of a complementary second secondary probe and v) a 21-nt reverse universal priming region (50-GCTGAACCCTGTACC

TAGCCC). An oligo pool with all the oligonucleotides used in this study (�2000) was ordered from Twist Bioscience (San Francisco,

USA). The 4-step procedure used to amplify the oligopaint probes was as described elsewhere (Wang et al., 2016). Briefly, it consists

of a i) limited-cycle PCR, with pairs of PCR primers (BB287-FWD: 50-CGC TCG GTC TCC GTT CGT CTC/ T7+BB288-REV: 50-TAA
TAC GAC TCA CTA TAG GGT TGG GCT AGG TAC AGG GTT CAG C) targeting the 21-nt forward and reverse priming regions. The

reverse primer also contained an additional T7 promoter sequence (50-TAATACGACTCACTATAG). This allows for ii) further amplifi-

cation via T7 in vitro transcription using T7+BB288-REV primer, which were then iii) converted back to single-stranded DNA oligo

probes via reverse transcription using BB287-FWD primer. Finally, iv) the intermediate RNA products were removed with alkaline

hydrolysis and DNA oligo probes were purified via column purification.

Secondary readout 32-mer fluorescently labeled oligonucleotides (fluorescent readout probes, see Table S3) were synthesized

by Integrated DNA Technologies (IDT; Coralville, USA). We employed 22 unique-sequence oligos, 21 of which have a cleavable

Alexa-647 attached to the oligo whereas the one used for fiducial barcodes had a non-cleavable Rhodamine fluorophore. The

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

Huygens Professional version 18.04 Scientific Volume Imaging

https://svi.nl/

N/A

MATLAB Release 2017b The MathWorks, Inc N/A

Software for processing microscopy images This paper; Mendeley Data https://doi.org/10.17632/

5f5hd9yj3z.1#folder-26d1f8c0-

fc58-4b87-8c4f-cd8fa294a555

e2 Molecular Cell 74, 212–222.e1–e5, April 4, 2019



cleavable bond was a disulfide linkage that was removable with the mild reducing agent Tris(2-carboxyethyl)phosphine (TCEP),

and allowed us to eliminate the fluorescence of a particular barcode from one cycle to the next (Moffitt et al., 2016). The whole

set of Oligopaints used are in Table S4.

RNA-FISH probe preparation
Sna probe was previously used in Lagha et al. (2013). The full-length sna gene 1.6 kb (Dmel_CG3956, 15476621..15478176

Drosophila release 6 reference genome, flanking sequences 50-ATTTAATTCTTCTCTTTAAGC-30 / 50-GGGTAAATCGGGAGAT

CGGCG-30) was cloned into a pBluescript II SK (+) vector, cut by NotI to linearize the vector and in vitro transcribed using T7

RNA polymerase in the presence of digoxigenin haptenes. RNA probe produced this way was then treated with carbonate buffer

at 65�C for 5 min.

RNA-FISH coupled with TSA
The in situ hybridization protocol for RNA detection was that of Kosman et al. (2004) with minor modifications. Methanol-stored, fixed

embryos were rinsed once with fresh methanol, then passed through 1 mL of 1) 50%methanol, 50% ethanol (once), 2) 100% ethanol

(5 times for 3-5 min). Incubations were made in all cases for the indicated times at RT on a rotating wheel for each step unless other-

wise specified. After two washes with methanol, embryos were incubated with a 1:1 dilution of methanol with 5% formaldehyde in

PBT (PBT = 0.1% Tween-20 PBS) for 5 min and then rinsed with 5% formaldehyde PBT to help remove methanol. Next, embryos

were post-fixed with 5% formaldehyde in PBT for 25 min. Embryos were rinsed twice with PBT, incubated 4 times with PBT during

15 min and permeabilized 1 h with 0.3% Triton in PBS. After 3 five-min washes with PBT, embryos were incubated for 10 min with a

1:1 dilution of PBT with RHS (RHS = 50% formamide, 2X SSC, 0.1% Tween-20, 0.05mg/ml heparin, 0.1 mg/ml salmon sperm). Then,

embryoswere incubatedwith RHS at 55�C for 10min, solution changed and incubated during 45min and then a final incubation of 1 h

15min. All incubations at 55�Cweremade in a Thermomixer with 900 rpm agitation. Next, 2 mL of digoxigenin-labeled RNAprobewas

diluted in 250 mL of RHS, denatured by heating at 85�C for amaximum time of 2.5min and then placed in ice for at least 5min. Embryo

media at 55�Cwas removed and the probe-containing RHSwas immediately added directly from the ice. Embryoswere kept 16-20 h

at 55�C for RNA hybridization. The second day, RNA probe was removed, embryos were washed 4 times at 55�Cwith RHS for 30min

each. After one 10 min wash at RT with a 1:1 dilution of RHS with PBT, 3 incubations with PBT for 20 min were made. Then, a satu-

ration step was performed with 2X blocking solution (10X Blocking solution = 10% (w/V) blocking reagent Sigma #11096176001,

100 mMMaleic acid, 150 mM NaCl, pH = 7.5) for 45 min, and then the activity of endogenous peroxidases eliminated by incubating

with 1% H2O2 in PBT for 30 min. Finally, after rinsing twice with PBT, embryos were incubated overnight at 4�C with sheep anti-

digoxigenin conjugated with POD (Sigma-Aldrich cat #11207733910) with 1:500 working dilution in PBT. The next day, embryos

were rinsed twice with PBT and then washed 5 times with PBT for 12 min each time. For the tyramide signal amplification (TSA),

embryos were incubated 30 min with a dilution of 5 mL of Alexa 488 coupled to tyramide dissolved in DMSO (Stock initially dissolved

in 150 mL of DMSO to obtain a 100X solution, Invitrogen cat#B40953) in 500 mL of PBT. Next, H2O2 was directly added to the tube to a

final concentration of 0.012% during another 30 min. Embryos were finally washed 3 times with PBT for 5 min.

Hybridization of primary oligopaint library
Embryos were resuspended by sequential dilutions of methanol with 0.1% V/V Tween-20 PBS (PBT). RNA labeled embryos were

already in PBT, so this step was omitted. Next, embryos were RNase treated during 2 h, permeabilized 1 h with 0.5% Triton in

PBS and rinsed with sequential dilutions (20 min each) of Triton/pHM buffer to 100% pHM (pHM = 2X SSC, NaH2PO4 0.1M

pH = 7, 0.1% Tween-20, 50% formamide (v/v)). Then, 225 pmols of the barcode probes were diluted in 30 mL of FHB (FHB =

50% Formamide, 10% dextran sulfate, 2X SSC, Salmon Sperm DNA 0.5 mg mL�1). Barcodes and embryos were preheated at

80�C during 15 min. The supernatant of pHM buffer was completely removed from embryos and 30 mL of barcodes-containing so-

lution were rapidly added. Mineral oil was added on top of the mix to avoid evaporation and the sealed tube was deposited in a water

bath at 80�C. Immediately, the water bath was set to 37�C and let cooling down overnight. The next day, oil was carefully removed

and embryos were washed two times at 37�C during 20 min with 50% formamide, 2X SSC, 0.3% CHAPS. Next, embryos were

sequentially washed at 37�C for 20 min with serial dilutions of formamide/PBT to 100% PBT. An additional (optional) crosslink

step with PFA 4% was performed and embryos were washed and resuspended in PBS. For the fiducial barcode readout, hybridiza-

tion was performed in the bench before mounting the sample into the flow chamber. The sample was incubated with Rhodamine-

labeled readout probe in hybridization buffer for 30 min at room temperature. Next, the sample was washed and kept in PBT.

An additional fixation step could be performed as described before. Finally, embryos were stained with 0.5 mg mL�1 of DAPI for

20 min, washed with PBT and stored at 4�C until imaging.

Robotic microscope setup
All experiments were performed on a home-made imaging setup built on a RAMM modular microscope system (Applied Scientific

Instrumentation - USA). The RAMM module was equipped with a 60x Plan-Achromat water-immersion objective (NA = 1.2, Nikon –

Japan). The objective lens was mounted on a closed-loop piezoelectric stage (Nano-F100, Mad City Labs Inc. - USA) allowing for a

fine control of the focus and the acquisition of z stacks when imaging embryos. A two-axis translation stage was used to move the

sample laterally and select embryos before each experiment (MS2000, Applied Scientific Instrumentation – USA). Four lasers with
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excitation wavelengths of 405 nm, 488 nm, 561 nm, and 641 nm were used for fluorescence imaging (OBIS-405/488/640 and Sap-

phire-LP-561, Coherent – USA). Laser beamswere combined by a series of dichroicmirrors (LaserMUX, Semrock –USA), individually

controlled by an acousto-optic tunable filter (AOTFnC-400.650, AAopto-electronic – France) and focused onto the back-focal plane

of the objective through one of the excitation ports of the RAMM. Excitation and emission wavelengths were separated using a four-

band dichroic mirror (zt405/488/561/640rpc-UF2, Chroma – USA) and the fluorescence signal was further filtered using a four-band

filter (zet405/488/561/640 m, Chroma – USA) before being imaged on a sCMOS camera (ORCA Flash 4.0V3, Hamamatsu – Japan).

The final pixel size was 100 nm. A home-made autofocus systemwas used to correct for axial drift in real-time andmaintain the sam-

ple in focus while imaging. This was achieved as follows. Along with a separate path, a 785 nm infrared laser beam (OBIS-785,

Coherent – USA) was focused onto the back focal plane of the objective and reached the coverslip-sample interface in total internal

reflection conditions. The position of the reflected beamwasmeasured by a position-sensitive detector (OBP-A-4H, Newport – USA)

and any variations in the objective-sample distance were corrected through the z-positioning piezo stage using a proportional-inte-

gral-differential feedback loop.

For sequential hybridizations, a fluidic system similar to the one described by Chen et al. (2015) was designed. The sample was

mounted in a FCS2 flow chamber (Bioptechs – USA). Buffers and probe handling were computer-controlled using a combination

of three eight-way valves (HVXM 8-5, Hamilton – USA) and a negative pressure pump (MFCS-EZ, Fluigent – France) (Figure S1B).

The flow rate was monitored in real-time using an online flow unit (FLU_L_D, Fluigent – France), allowing for a precise control of

injected volumes.

All instruments, including camera, stages, lasers, pump, and valves were controlled using a custom-made software package

developed in LabView 2015 (National Instrument – USA). This software controlled and synchronizedmulti-color 3D imaging and auto-

mated fluid handling.

Sequential image acquisition
Embryos labeled with a primary oligopaint library (see above) were attached to a poly-L-lysine coated coverslip and mounted into

the FCS2 flow chamber, connected to the fluidics system and secured to the translation stage (see microscope setup). The fluidics

system had 21 tubes connected and distributed as follows: 1 tube with 50 mL of washing buffer (WB, 23 SSC, 40% v/v formamide),

1 tube with 50 mL of 2x SSC, 1 tube with 20 mL of imaging buffer (IM, 1xPBS, 5% w/v glucose, 0.5 mg/mL glucose oxidase and

0.05 mg/mL catalase), 1 tube with 50 mL of chemical bleaching buffer (CB, 2X SCC, 50 mM TCEP hydrochloride) and 17 tubes

with 2.5 mL of each readout probe solution (25 nM readout probe, 2 3 SSC, 40% v/v formamide).

Embryos remained firmly attached when confronted with constant flow (�200 uL/min) for more than 72 hs, largely exceeding the

total imaging time required for a single experiment (Figure S1C). Following embryo selection, embryos were segmented into amosaic

of several fields of view (FOV of size 2003 200 mm). First, bright field imageswere taken for all FOV. Next, DAPI andRNA stainingwere

imaged together with fiducial barcodes by exciting at 405, 488 and 561 nm respectively. Fiducial barcodes hybridized to a Rhoda-

mine-labeled readout probe before mounting the sample. Z stacks of 15 mm with steps of 250 nm were acquired for all channels.

Then, the robotic microscope controlled the sequential hybridization and imaging procedure (see Figures S1B and S1C). The flow

chamber was initially flushed with 1.7 mL readout hybridization mixture over the span of 15 min to exchange buffers fully and ensure

to saturate binding of readout probes. Next, the sample waswashedwith 2mL of wash buffer for 18min. Then 1.5mL of 2X SSCwere

flushed during 15min and finally 0.9mL of imaging buffer was injected in 5min. At this stage, flowwas stopped, and�100 FOVswere

imaged in two channels by exciting at 561 and 641 nm to image fiducial barcodes and readout probes, respectively (see Figure S1C).

After imaging, the fluorescence of the readout probes was extinguished using chemical bleaching by flowing 2 mL of CB buffer for

15min. The Rhodamine-labeled fiducial barcodewas insensitive to chemical removal. In all cases, the flow speed varied between 0.1

and 0.25 mL/min. After chemical bleaching, the chamber was flushed with 2 mL of 23 SSC for 5 min and a new hybridization cycle

started. A standard experiment required between 30 and 40 h depending on the number of probes and number of imaged FOV.

All buffers were freshly prepared and filtered for each experiment. To avoid degradation by oxygen, the imaging buffer used for a

single experiment was stored under a layer of mineral oil throughout the measurement. Imaging buffer was renewed every 12-15 h.

Data processing and image analysis
First, images were deconvolved by Huygens Professional version 18.04 (Scientific Volume Imaging, the Netherlands, https://svi.nl/),

using the CMLE algorithm (SNR:20, 40 iterations) run with a custom-made script written in Tcl/Tk. All further analysis steps were per-

formed using a homemade analysis pipeline developed using MATLAB Release 2017b (The MathWorks, Inc., Natick, United States).

First, we corrected for x-y drift in each cycle of hybridization. For each cycle j, the global x-y correction was obtained by cross-corre-

lating the image of fiducial barcode jwith that of the first barcode (reference cycle). This produced a single 3D vector for each barcode

j and represented a ‘global’ correction applied to the whole FOV. Second, we used adaptive thresholding to pre-segment the spots

of each fiducial barcode in each cell for all FOVs and for all barcodes. The 3D coordinates of each barcode were then found by using

a 3D Gaussian fitting algorithm on the pre-segmented mask. Fiducial barcodes with sizes larger than the diffraction limit of light

(�2.2 pixels for our microscope) were then filtered out. Third, we obtained ‘local’ 3D correction vectors for each cell in each FOV.

This was achieved by first using the global x-y correction vector to pre-align fiducial barcode spots in cycle j to fiducial barcode spots

in the reference cycle. Then, we used image-based cross-correlation of these pre-aligned fiducial barcode images to reach sub-pixel

accuracy in the correction vector. This approach allowed for 3D, subpixel accuracy drift-correction across the whole FOV. Forth,
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barcodes were segmented for all hybridization cycles in batch processing mode using optimized adaptive thresholding. 3D coordi-

nated of each barcode were then determined by 3D Gaussian fitting of the segmented regions. These positions were corrected for

drift by using the closest fiducial barcode vector obtained from the previous analysis step (local drift 3D correction, see above). Nuclei

were segmented fromDAPI images by adaptive local thresholding andwatershed filtering. RNA imageswere segmented bymanually

drawing polygons over the nuclei displaying a pattern of active transcription. This was used to assign an expression status for each

DAPI-segmented cell. Then, barcodes were attributed to each cell by using the DAPI segmentation. The efficiency of labeling per

cycle for all barcodes was 60-70 percent (Figure S1F). The barcode localizations for each cell were then clustered as follows. First,

themean number of localizations per readout codewas found and used as ameasure of themaximum number of clusters N (1 cluster

for paired chromosomes, 2 clusters for unpaired chromosomes, etc). Then, K-means was used to separate barcodes positions into

N clusters. Finally, pairwise distances and contact frequencies were calculated for each cluster in each cell.

All image processing was carried out on Linux terminals connected to a server running Linux Ubuntu 16.04 Xenial or CentOS 7, with

32 CPU processors, two GeForce GTX 1080Ti GPU cards, and 128GB of RAM.

Multiscale correlation of Hi-M distance maps
To compare Hi-M matrices at different scales, we did the following steps. First, we convolved maps with a Gaussian kernel of size s

(standard deviation). Then, we calculated the correlation between maps and repeated this process for different values of s, ranging

from 0.1 to 5. These values correspond to approximate genomic sizes ranging from 5 to 150 kb. As a control, we simulated random

matrices with the same sizes and intensity ranges as the experimental matrices and repeated the same procedure. This process was

repeated for 200 random matrices and the average correlation curves are shown in Figure 2B.

Precision of the method
The mean localization accuracy after drift correction was 43 ± 21 nm in xy and 51 ± 58 nm in z (Figure S1E). This was obtained by

measuring the distance between fiducial barcodes after applying the correction obtained from the previously described image cor-

relation method. To further verify the precision of co-localization, a single locus was simultaneously labeled with encoding probes

bearing binding sites for two distinct readout probes. After image registration, two sequential hybridization cycles with readout

probes targeting the selected loci were performed. The co-localization precision after drift correction was of 83 ± 60 nm in xyz (Fig-

ure S1F). To further challenge the quality of drift correction and co-localization, a similar control experiment was performed but sepa-

rating the readout hybridization cycles by 10 additional cycles and by letting the sample mounted in the microscope rest more than

24 hs. In these conditions, drift correction accuracy and precision of colocalization were equivalent to the previous control, ensuring

that our internal marquer drift correction was unaffected by the set-up or sample stability during long acquisitions. As previously

described (Cattoni et al., 2017), we calculate the absolute contact probability by integrating the area of the pairwise distance

distribution below 120 nm. This threshold value was chosen from the integration of the pairwise distance distribution of a doubly

labeled locus.

Hi-C and ChIP-Seq data processing
Raw Hi-C sequencing data were processed using the scHiC2 pipeline (Nagano et al., 2017). Construction of expected models and

Hi-C contact scoring was performed using the ‘shaman’ R package (https://bitbucket.org/tanaylab/shaman; Cohen et al., 2017).

Raw ChIP-seq sequencing data were mapped to the dm3 reference genome using the bowtie.2 algorithm. Linear read density pro-

files at 10bp resolution where produced usingMACS1.4 (Zhang et al., 2008) aftermerging replicates. RNaseq RPM (reads permillion)

profiles where produced by aligning raw, paired-end, sequencing reads to the dm3 reference genome (BDGP R5/dm3 UCSC gene

annotation) using STAR (Dobin et al., 2013; https://github.com/alexdobin/STAR) with ‘unstranded’ output.

We interpolated Hi-C matrices to make comparisons with Hi-M maps. For this, we extracted the contact frequencies at the

genomic positions at which barcodes were located to construct an interpolated Hi-Cmap. Interpolated and full Hi-C maps displayed

very similar features (Figures S1I and S3A).

QUANTIFICATION AND STATISTICAL ANALYSIS

The number of nuclei quantified per experiment (N) is indicated in each of the corresponding figure legends.

DATA AND SOFTWARE AVAILABILITY

Experimental datasets (lists of pairwise distances for nc 14, nc 9-13 mitosis, nc 12-13 interphase) and software package developed

to analyze 3D deconvolved images produced by our Hi-M microscope have been uploaded to Mendeley Data: https://doi.org/10.

17632/5f5hd9yj3z.1#folder-26d1f8c0-fc58-4b87-8c4f-cd8fa294a555.
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5.3 Direct and simultaneous observation of transcription and
chromosome architecture in single cells with Hi-M

In this publication, we detail all the steps to perform a Hi-M experiment, from embryo
recollection to image analysis. As mentioned in the previous subsection, I was involved
in all of these steps for our previous publication [Cardozo Gizzi et al., 2019]. In this work
I contributing first by helping develop the protocol, and then to write the publication,
particularly focusing in embryo collection, library hybridization, and analysis.
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Direct and simultaneous observation of
transcription and chromosome architecture in
single cells with Hi-M
Andrés M. Cardozo Gizzi1,2, Sergio M. Espinola1, Julian Gurgo1, Christophe Houbron1,
Jean-Bernard Fiche1, Diego I. Cattoni 1 and Marcelo Nollmann1*

Simultaneous observation of 3D chromatin organization and transcription at the single-cell level and with high spatial
resolution may hold the key to unveiling the mechanisms regulating embryonic development, cell differentiation and even
disease. We recently developed Hi-M, a technology that enables the sequential labeling, 3D imaging and localization of
multiple genomic DNA loci, together with RNA expression, in single cells within whole, intact Drosophila embryos.
Importantly, Hi-M enables simultaneous detection of RNA expression and chromosome organization without requiring
sample unmounting and primary probe rehybridization. Here, we provide a step-by-step protocol describing the design of
probes, the preparation of samples, the stable immobilization of embryos in microfluidic chambers, and the complete
procedure for image acquisition. The combined RNA/DNA fluorescence in situ hybridization procedure takes 4–5 d,
including embryo collection. In addition, we describe image analysis software to segment nuclei, detect genomic spots,
correct for drift and produce Hi-M matrices. A typical Hi-M experiment takes 1–2 d to complete all rounds of labeling and
imaging and 4 additional days for image analysis. This technology can be easily expanded to investigate cell
differentiation in cultured cells or organization of chromatin within complex tissues.

Introduction

Genomes are folded in a hierarchical organization that contributes to the regulation of transcription
and other processes1. However, our current understanding of chromatin architecture and how
it is related to transcriptional regulation remains limited. In the past decade, two strategies for
studying chromatin folding became mainstream: chromosome conformation capture (3C and
derivatives) and microscopy-based methods. 3C-like methods are powerful because they provide
genome-wide information with kilobase resolution, but they have several limitations: (i) most often
they rely on population averaging, (ii) they retrieve relative frequencies of pairwise interactions,
(iii) they have relatively low detection efficiency in single cells (<10% of the total contacts), (iv) they
are unable to provide spatial information (within the cell or the organism/tissue), and (v) they
do not permit simultaneous measurement of transcription and chromosome structure2. Microscopy-
based strategies, on the other hand, use fluorescence in situ hybridization (FISH) to target specific loci
and can access their 3D positions inside the nucleus, but until very recently, these strategies
were limited to the detection of a small number of genomic locations (typically three or four).
Following pioneering work from Xiaowei Zhuang’s lab, we and others have recently overcome
several of these limitations to reconstruct chromatin architecture at high resolution in single cells
while retaining spatial information3–6. Our implementation, which we termed ‘Hi-M’ (high-
throughput, high-resolution, high-coverage microscopy-based technology; see ‘Principles of the
method’ section below), combines high-throughput synthesis of short oligonucleotide (oligo)
probes with RNA labeling and multiple rounds of hybridization in a sequential-imaging
scheme to enable the measurement of transcriptional state and the localization of tens of
different genomic loci within intact Drosophila embryos3. A similar approach has been used in
concurrent work6.

1Centre de Biochimie Structurale, CNRS UMR 5048, INSERM U1054, Université de Montpellier, Montpellier, France. 2Present address: CIQUIBIC
(CONICET), Departamento de Química Biológica Ranwel Caputto, Facultad de Ciencias Químicas, Universidad Nacional de Córdoba, Córdoba,
Argentina. *e-mail: marcelo.nollmann@cbs.cnrs.fr
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Principles of the method
Hi-M builds on recent innovations in FISH probe design based on high-throughput microarray oligo
synthesis, namely Oligopaints7,8, and on the pioneering design of multiplexing schemes for detecting
hundreds of RNA species by imaging9,10. A microarray library with thousands of oligonucleotides (an
oligo pool) is bioinformatically designed and commercially synthesized to target tens of different
genomic locations. Each genomic locus (typically spanning 2–10 kb) is targeted by a unique set of
20–70 tiled oligos. We will refer to the genomic regions covered by these unique sets of oligos as
‘barcodes’. Each oligo in a barcode contains three parts: a region of genomic homology, a barcode-
specific readout sequence, and a priming region for PCR amplification (see ‘Experimental design’
section). Labeling involves four steps. First, the oligo pool library is enzymatically amplified and
purified. Second, embryos are collected and fixed. Third, embryos are labeled by an RNA hybridi-
zation and signal amplification step. Fourth, the oligo pool is hybridized to genomic DNA. After
labeling, the samples are mounted within a microfluidic chamber connected to a microfluidic pump
system and placed under an automated wide-field fluorescence microscope. In an initial round, DAPI
and RNA signals are acquired in multiple regions of interest (ROIs). Then the imaging of each
barcode requires (i) labeling of the sample with barcode-specific, fluorescently labeled readout oli-
gonucleotides (readout probes); (ii) removal of unbound readout oligos by washing; (ii) acquisition of
3D, two-color images for all ROIs; and (4) photobleaching to extinguish the fluorescent signal of the
readout probes. This process is repeated sequentially for each barcode. In all sequential rounds, a
second, spectrally different fluorescent oligo is present and is used as the fiducial barcode (spatial
reference point) for the correction of drift between cycles. Next, images are processed to segment
nuclei in the embryo, determine the transcriptional status of each cell, retrieve the 3D position of each
barcode in each ROI with sub-pixel accuracy, and correct drift during acquisition and between cycles
of hybridization. Finally, the 3D coordinates of each barcode detected in each cell are used to
reconstruct Hi-M matrices containing mean pairwise distances and absolute contact probabilities.

Applications of the method
We developed Hi-M to explore genome architecture and transcription in intact Drosophila embryos.
However, Hi-M can be used in a large variety of model systems. For instance, adaptation to cultured
cells should be straightforward. Cultured cells can be readily attached to the coverslip by
standard procedures (e.g., by growing them in treated coverslips conducive to cell adhesion). In fact,
cultured cells exhibit lower autofluorescence than organisms; thus, the application of Hi-M to cul-
tured cells should result in an increased barcode detection and localization precision. Hi-M could also
be adapted to thick tissues and organoids by implementing cryo-sectioning11, tissue clearing12 or
optical-sectioning.

The RNA/DNA staining procedures described in this protocol are fully compatible with other
imaging modalities, such as 3D structured imaging microscopy (3D-SIM) and stochastic optical
reconstruction microscopy (STORM)4,5. The acquisition of super-resolution images is typically
slower than for wide-field microscopy images, therefore limiting the throughput of a Hi-M acqui-
sition. Thus, a compromise between resolution and throughput will have to be found depending on
the problem under study. In addition, most super-resolution microscopes are not well adapted to
thick specimens; thus, their use in Hi-M will be limited to mainly thin samples.

The flexibility afforded by Oligopaints in the design of probes would enable the adaptation of
Hi-M to explore chromosome conformation at different length scales (e.g., chromosomal13, com-
partment5 or topologically associated domain (TAD) levels3,6). In the present protocol, barcodes
contain ~20–90 primary oligos and cover 2–10 kb to produce diffraction-limited spots and ensure
excellent signal-to-noise ratios (SNRs, defined as the maximum intensity of a spot divided by the
standard deviation of the background). Labeling of smaller genomic regions is possible but only at the
cost of reduced SNR levels (i.e., reduced localization precision).

Limitations
A current limitation of Hi-M is the time required for the acquisition of an entire dataset: typically
2–3 d to image 50–70 barcodes in 30 fields of view (representing ~40,000 cells in 10–12 Drosophila
embryos). Thus, typically a balance between experimental time and the number of barcodes
imaged needs to be found. For instance, 70 barcodes could be used to image an extended genomic
region (e.g., 3.5 Mb) at low resolution (50 kb between barcodes) or to image a single genomic locus
(e.g., 150 kb) at high resolution (~2 kb).
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A second limitation is the minimal required number of primary probes per barcode. The values
provided in this protocol (see ‘Experimental design’ section) ensure robust detection with high
localization precision. A reduction in the number of primary probes could lead to decreased levels of
detection and degraded localization precision. A possible future solution to this limitation may be to
increase the number of imaging probes by encoding more readout probes per barcode (e.g., using
SABER-FISH14), but ultimately this approach may limit the specificity of labeling.

A third limitation is the efficiency of barcode detection, which is currently close to 60–70% for
1- to 3-kb barcodes. Thus, a barcode is observed in only ~6–7 out of each 10 nuclei, resulting in a
small number of nuclei with all barcodes.

A fourth limitation arises from the high cost of purchasing the fluorescently labeled oligos used as
readouts (~US$500 for 250 nmoles of each, which is enough for ~5,000 experiments). Because each
barcode is detected by a specific fluorescently labeled readout probe, the price of an experiment
increases linearly with the number of barcodes. A new strategy that can considerably reduce the
experimental cost was recently described in two publications6,15. Instead of using a fluorescently
labeled oligo for each barcode, a combination of two oligos is used: a non-fluorescent oligo specific to
each barcode (bridge oligo) and a single fluorescent oligo common to all barcodes (imaging oligo).
The bridge oligo contains 20 nt complementary to the barcode sequence, followed by a 10-nt ‘toehold’
spacer sequence and a 20-nt sequence complementary to the imaging oligo16. With this design, the
same fluorescently labeled imaging oligo can be used to read all barcodes, with barcode specificity
provided by the bridge oligo. Furthermore, this strategy can also be exploited to remove the fluor-
escence after each imaging cycle by the use of displacement oligos. Displacement oligos are com-
plementary to the toehold and bridge probe sequences; therefore, they displace the bridge probe from
the barcode, and in doing so, they also remove the imaging probe.

A final limitation is the inability of Hi-M to detect several RNA species at once. The Hi-M protocol
described here enables the simultaneous detection of chromosome conformation together with a
single RNA species. In the future, additional RNA species could be labeled by using a sequential
tyramide signal amplification (TSA) reaction with alternative conjugation molecules (e.g., biotin) or
by oligonucleotide-derivatized antibodies. It is worth noting that TSA is non-linear; therefore,
quantification of RNA levels requires proper calibration.

Comparison with other methods
Compared to traditional FISH, Hi-M has two main advantages: (i) it uses oligo probes, which provide
design flexibility and higher efficiency of labeling as compared with double-stranded bacterial arti-
ficial chromosome (BAC) or amplicon-based probes17,18; and (ii) it uses a multiplexed approach that
does not rely on the use of spectrally different fluorophores (limited to two to four in most appli-
cations). The overall strategy of Hi-M is conceptually similar to that used recent work utilizing
sequential imaging schemes and Oligopaints labeling4–6,19. The main differences from these studies
are (i) Hi-M enables simultaneous detection of RNA status and chromosome organization without
sample unmounting and probe rehybridization. Other approaches also enable RNA/DNA detection
but require the hybridization and imaging of RNA probes, unmounting of the sample followed by
degradation of RNA, hybridization of DNA probes, and then remounting and imaging of the same
cryo-sectioned samples6. (ii) Hi-M enables, in contrast to other studies4–6, the imaging of entire,
intact Drosophila embryos.

Multiplexing has also been recently achieved in the single-cell imaging of multiple RNA spe-
cies10,11,20,21. These studies used combinatorial schemes to target ~14010,11 to ~10,000 genes20,21 using
only ~20 hybridization cycles. RNA is typically present in many copies per cell, and these copies are
spatially well separated, making it possible to decode species using combinatorial approaches. Cur-
rently, the use of combinatorial approaches to label DNA is limited by the spatial overlap of the
barcodes, the small number of DNA molecules detected (typically 1–4, depending on ploidy) and the
relatively low efficiency of detection (~60%, see above). Excitingly, combinatorial approaches based
on spectral overlap15 may be usable in the near future to considerably increase the number of detected
barcodes without a linear increase in the number of hybridization cycles.

Hi-M and similar approaches based on FISH are carried out in fixed samples; thus they cannot
provide information on dynamic changes in RNA expression and localization or DNA folding. Live
imaging of single genomic loci has been achieved using a catalytically inactive Cas nuclease targeted
to a locus by a single guide RNA (sgRNA; for a review, see ref. 22). Typically, CRISPR-based imaging
records the position of two genomic loci, although targeting of up to six genomic loci has been
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achieved for repetitive sequences23. Imaging of non-repetitive sequences has proven challenging
because of the complexity of simultaneously co-expressing multiple sgRNA species in one cell.
Furthermore, off-target binding and background fluorescence can further limit the application of
current CRISPR-based imaging methods. More recently, a radically different approach successfully
followed the 3D position of a single gene in real time while simultaneously monitoring mRNA
synthesis in the same cell24,25 by combining stem-loop-based labeling (MS2 and/or PP726–28) and the
ParS/ParB system29. This approach was used to study the positions of a genomic locus and a
transcription site at the same time in living Drosophila embryos25. This approach requires genetic
manipulation to introduce ectopic sequences and is limited at present to a maximum of two colors
(typically, a transcript and a genomic locus).

Experimental design
The Hi-M protocol presented here (Fig. 1) consists of the design and amplification of Oligopaints
probes (Steps 1–39 and Figs. 2–4), collection and fixation of Drosophila embryos (Steps 40–50), RNA
and DNA labeling in embryos (Steps 51–92), sample mounting (Steps 93–100 and Fig. 5), sequential
imaging of multiple genomic locations (Steps 101–116 and Figs. 6–8), and image processing and
analysis (Steps 117–149 and Figs. 9 and 10) in order to reveal chromatin organization and its
relationship to the transcriptional status of single nuclei (Fig. 11).

Oligopaints probes
The method is based on massively parallel oligonucleotide synthesis to design probes targeting the
genomic locations of interest to perform FISH-based labeling30. This protocol describes how to design
a library and amplify Oligopaints probes. Oligonucleotide primary probes contain three regions
(Fig. 2a): (i) a region of genomic homology composed of 42 nt complementary to the target locus, (ii)
a readout region composed of 32 nt complementary to a readout oligo bearing a fluorophore, and (iii)
two flanking 20-nt regions containing primers for PCR amplification of the whole Oligopaints library.
With this design, it is possible to include two readout sequences per primary oligo, one each in the
5ʹ and 3ʹ ends of the genomic homology region.

The design pipeline implemented in the current protocol is based on a previous development by
Beliveau et al.8 and requires the user to input the genomic region of interest and either the number of
probes per barcode or, alternatively, the genomic size per barcode (Fig. 2b). The databases of gen-
omically unique, non-overlapping sequences with specific hybridization properties used to generate
the Oligopaints primary probes were mined using OligoArray31. Such databases are available online
for a variety of species (Oligopaints website, https://oligopaints.hms.harvard.edu/). An alternative to
the design of Oligopaints primary probes, although limited to the human genome, is the use of the
web interface (http://ifish4u.org) that enables the selection of specific sets of oligos in a user-friendly
environment that includes ~400 validated probes32. Of note, a recent development, OligoMiner33,
eliminates the use of online databases because it is capable of discovering thousands of oligo probes in
minutes, thus allowing researchers to create their own database for any sequenced genome and to
optimize mining parameters (e.g., less stringent conditions to increase the number of probes at the
expense of binding affinity). A minimal number of primary oligos per barcode is needed for a high
enough SNR to detect barcodes with high localization precision. Currently, we use a minimum of 40
primary oligos per barcode (i.e., 80 fluorophores per barcode). This number is comparable to the 48
fluorophores typically used for single-molecule RNA FISH34. Given an average of 12 unique
sequences (i.e., primary oligos) per kilobase in the Drosophila genome33, a probe can be as short as
~3 kb. In the human genome, the average number of unique sequences per kilobase is considerably
lower (typically ~8 oligos/kb); thus we would recommend using a probe set spanning ~5 kb to ensure
robust detection in most systems and conditions. Recently, a different oligo dataset was mined with a
higher density of probes/kilobase (ref. 32), possibly enabling a reduction in the genomic size of the
barcode. The design of the fiducial barcode requires additional considerations, because it has all the
elements of the other barcodes but will need to be repeatedly imaged in each cycle of hybridization
(i.e., it will suffer more from photobleaching than standard barcodes). Therefore, we recommend
using a higher number of primary oligos for the fiducial barcode (e.g., 200 oligos spanning ~20 kb).
Currently, we fit the position of the fiducial barcode using a 3D Gaussian function, because the image
of this barcode is a diffraction-limited spot. It is important to understand that if the genomic region
occupied by the fiducial barcode is large (>20–30 kb in our setup), its image in the camera will not be
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diffraction limited. This must be taken into consideration for the fitting of the 3D position of this
barcode and adjusted for by appropriate modifications in the analysis pipeline.

For library amplification, the protocol follows a strategy previously introduced by Moffitt and
Zhuang for the detection of RNAs using combinatorial approaches35. In short, library amplification
consists of four steps: (i) PCR amplification of the Oligopaints library using a reverse primer that adds
the T7 promoter sequence, (ii) conversion of the PCR product to RNA via an in vitro transcription
using T7 polymerase, (iii) generation of single-stranded DNA (ssDNA) via reverse transcription, and
(iv) degradation of the RNA template using alkaline hydrolysis (Fig. 3). Quality and concentration are
monitored during the different steps to ensure the success of the amplification and purification
process (Fig. 4).

Bioinformatic design of Oligopaints

Steps 1–7

Amplification of Oligopaints

Steps 8–39

Drosophila embryo
collection and fixing

RNA & DNA FISH

Steps 51–92

Sequential acquisition of barcodes

Steps 93–116

Image processing and analysis

Steps 117–149

Steps 40–50

Fig. 1 | Outline of the Hi-M protocol. Schematic description of the main steps in the Hi-M protocol.
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Embryo collection and fixation
The protocol here does not deviate much from a previously published protocol36. Flies lay eggs on
yeasted agar plates for 1.5 h. The plates are incubated at 25 °C until the embryos reach the desired
developmental stage. It is worth noting that after nuclear cycle, 14 multiple layers of cells will appear;
therefore, out-of-focus light could compromise readout detection in a wide-field setup. Embryos are
then collected, dechorionated by the use of bleach, thoroughly rinsed with water and immediately
fixed, using formaldehyde and formaldehyde-saturated heptane. The fixative is then removed,
methanol is added and the embryos are vortexed. Embryos that sink to the bottom of the tube are
devitellinized, which is critical to enabling penetration of FISH probes into the sample. Devitellinized
embryos are washed with methanol and stored at −20 °C until further use.

RNA and DNA FISH
The protocol has two main steps: (i) RNA in situ hybridization and (ii) DNA Oligopaints FISH. To
ensure RNA signal preservation after DNA FISH, TSA, adapted from a previous protocol37, is
performed. The single-stranded digoxigenin-labeled RNA probe is obtained from an in vitro tran-
scription reaction in the presence of digoxigenin haptenes as described elsewhere3,38. RNA probes are
targeted with a specific antibody that is coupled to horseradish peroxidase (HRP). HRP then reacts
with hydrogen peroxide, creating tyramide free radicals from fluorophore-labeled tyramide that will
covalently bind to the vicinity of the RNA probe. It is possible to label a second RNA species by
performing a sequential, second antibody–HRP incubation against a biotinylated probe. In any case,
controls should be made to ensure specificity of the RNA probe(s). In our previous paper3, we labeled
the snail gene, which has a distinctive spatial expression pattern that can be used to assert signal
specificity. However, we did include a control sample without the RNA probe to establish the

Download Oligopaints scripts and
.bed files

Order the oligo pool

Obtain the oligo sequences
corresponding to each barcode

a

Design of an oligo pool

Create a text file with the readout sequences from
each barcode

Add the readout sequences
corresponding to each barcode

Add the universal primer sequences to the
whole library

Universal priming region Readout binding region

Genome homology (variable) region

Single oligo (Oligopaint)Oligo pool

b

Oligopaints scheme

Fig. 2 | Design of Oligopaints. a, An oligo pool is composed of thousands of oligo sequences. Each individual oligo
shares the following regions: (i) forward and reverse 20-nt universal priming sequences (cyan) to allow for PCR
amplification, (ii) 32-nt readout sequences (×2; blue) complementary to a fluorescent readout oligo (schematized
with a red star as the fluorophore) and (iii) a 42-nt genome homology variable region in black, which targets the
oligo to a unique genomic site. b, Schematic description of the steps involved in designing an oligo pool.
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PCR cycle

Small-scale limited-cycle PCR Large-scale
limited-cycle PCR

1 2 4L 3

150

c Urea PAGE

Fig. 4 | Example results. a, Example of an agarose gel electrophoresis result for the small-scale limited-cycle PCR
step. A band of the expected size (166 nt, in this case) is observed between the 100- and 200-nt bands of the ladder.
In cycles 13 and 14, a second, nonspecific band of ~300 nt begins to appear. Therefore, a total of 11 amplification cycles
(at PCR cycle 12) was chosen for this specific amplification reaction. b, Example of an agarose gel electrophoresis
result for the large-scale limited-cycle PCR step. Lanes 1 and 2 correspond to PCRs performed without and with
template, respectively. Excess primer–dimers are observed at the bottom. Lane 3 corresponds to column-purified PCR
product. c, Example of a urea PAGE result. Bands from lanes 1–4 migrate close to the 150-nt band from the ladder.
Lane 1 corresponds to 200 ng of emulsion PCR break, lane 2 to 200 ng of RNA product from in vitro transcription
(note the larger size due to the presence of the T7-promoter region), and lanes 3 and 4 to 200 ng of ssDNA before
and after precipitation, respectively. L, DNA ladder (low-range ssRNA ladder) or molecular weight size marker.

Emulsion PCR

Large-scale limited-cycle PCR

Small-scale limited-cycle PCR

In vitro trancription

Reverse trancription

RNA alkaline hydrolysis

DNA precipitation and concentration

T7 promoter

RNA

RNA

ssDNA

ssDNA

PCR

In vitro transcription

Reverse transcription

Alkaline hydrolysis

Amplification of an oligo pool

Oligo pool

Amplified oligo pool

a

b

Fig. 3 | Oligo pool amplification. a, Oligo pool amplification scheme. Cyan represents the universal priming region
common to all barcodes, whereas blue, amber and burgundy represent barcode-specific readout sequences. A
complex oligo pool, composed of thousands of oligos, is amplified to double-stranded DNA via a PCR that also adds
the T7 promoter sequence (red). An in vitro transcription step leads to the formation of RNA, greatly amplifying the
material. Next, the RNA is reverse-transcribed to ssDNA. Finally, the RNA is removed via an alkaline hydrolysis step.
b, Schematic description of the main steps.
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expected background levels. In the case that the expression pattern of the target gene is homogeneous
(or unknown), an antisense probe can be used to verify that the sense probe is actually binding to the
target RNA.

After the TSA reaction, a DNA FISH step based on a previous method39 that we have optimized
for Oligopaints hybridization is performed by changing hybridization and washing conditions.

Embryo attachment
Firm attachment of the embryos to the flow chamber coverslip is essential in order to resist the
pressure from non-continuous flow rates during a 2- to 3-d imaging experiment. To this end, 20–30
embryos are deposited and oriented on an agarose pad and then transferred to a glass coverslip
previously coated with poly-L-lysine. The microfluidic chamber is then assembled and the system is
filled with liquid. The complete procedure is shown in Fig. 5.

For a different type of sample, tests should be performed to ensure stable attachment. This should
not be a problem if adherent cells are used. A control with a labeled sample (e.g., using fiducial
markers), imaged before and after a certain period of time (~30 min) of continuous flow and at the
beginning and at the end of a full experiment, should be performed to assess sample stability and
stage drift. The software analysis pipeline corrects for stage drift (see ‘Image analysis’ section), but if
the sample become loose or detaches during the experiment, drift correction will not be possible.

Image acquisition
Hi-M requires three acquisition steps. The pre-sequential step involves the acquisition of 3D bright-
field and multicolor fluorescence images for each ROI. The channels in the pre-sequential step are as
follows: channel 1 = 3D image for DNA masks (DAPI-stained nuclei, excited using the 405-nm laser
line); channel 2 = 3D image for RNA (RNA-stained embryos excited using the 488-nm laser line);

a

b

Fig. 5 | Procedure for attaching embryos to the microfluidic chamber. Step numbers are indicated on each
subpanel. When a step is represented by multiple subpanels, the events in the procedure are displayed from left to
right. a, Embryo attachment. (Step 94) Add poly-L-lysine solution to coverslip. (Step 96) Cut an agarose pad and
transfer 20–30 embryos to the agarose pad. (Step 97) Use metal tweezers to align the embryos, using a binocular
microscope to visualize them. (Step 98) Dry the embryos using a paper tissue. (Step 99) Attach the embryos to a
poly-L-lysine-coated coverslip by gently pressing coverslip against the agarose pad. b, Embryo mounting within the
chamber. (Step 102) Open the microfluidic chamber by unscrewing it. Carefully remove the glass coverslip from
the chamber. (Step 103) Remove the plastic spacer and dry it thoroughly with a paper tissue. (Step 104) Put back the
dried spacer and mount the coverslip with the attached embryos. (Step 105) Screw the chamber into (mount it on)
the microscope stage. (Step 106) Flow 2× SSC buffer through the chamber by slowly applying negative pressure on
the outlet with a syringe.
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and channel 3 = 3D image of the fiducial barcode used for image registration (obtained using the
561-nm laser line).

The sequential imaging acquisition step involves sequential imaging of barcodes. For each cycle of
hybridization (see below), a 3D, two-color fluorescence image is acquired: channel 1 = 3D image of
the fiducial barcode (excitation using the 561-nm laser line) and channel 2 = 3D image of the Nth
barcode (acquired using the 641-nm laser line). Thus, for N cycles of hybridization and k ROIs, one
obtains k(2N + 4) 3D images. In a typical experiment with 10 embryos (~30 ROIs) and 22 barcodes,
one needs to analyze a total of 1,440 3D images. In our current implementation, the acquisition time
for 22 barcodes and ~30 ROIs (i.e., 7–9 embryos) is around 24 h. This time scales linearly with the
total number of barcodes and ROIs. Drosophila embryos in nuclear cycle 14 have ~6,000 nuclei;
therefore, ~25,000 nuclei can be retrieved in a single experiment.

Each cycle of hybridization involves the following steps: (i) using the liquid-handling device to
introduce a solution containing the fluorescent readout oligo that will hybridize to the com-
plementary sequence of the primary oligos of a barcode, (ii) washing nonspecifically bound or
unbound readout oligos with a formamide-containing solution, (iii) injecting an imaging solution
that includes an oxygen scavenger enzymatic reagent to prevent photobleaching during acquisition,
(iv) stopping the flow and performing the sequential imaging step described above for all desired
ROIs, (v) bleaching of barcodes (see below) (Fig. 6).

The bleaching step can be achieved by either of two means: (i) light-induced photobleaching using
a high-power laser. The implementation of this option is straightforward, but the time required for
photobleaching all ROIs scales linearly with the number of acquired ROIs. (ii) Chemical bleaching.
This option requires the fluorescent molecule in the readout oligo to be attached via a disulfide
linkage cleavable by the use of a mild reducing agent such as Tris(2-carboxyethyl)phosphine
(TCEP)40. The advantage of this option is that all fluorophores are removed at once in a single step,
making the bleaching time independent of the number of acquired ROIs. If chemical photobleaching
is used, the fluorophore in the fiducial barcode needs to be resistant to the reducing agent (i.e., do not
use a disulfide linkage).

In the final acquisition step, a 3D bright-field image for each ROI is acquired for a second time.
This image is used later to verify that the embryos did not detach during acquisition (see ‘Controls’
section below).

Image analysis
The first image analysis step involves the deconvolution of images to remove out-of-plane light to
increase the SNR and contrast. We have observed that this step greatly increases detection efficiency.
We perform this operation using Huygens (https://svi.nl/HuygensSoftware), although other software
packages will work as well.

The second step involves the manual comparison of bright-field images of embryos before and
after sequential imaging. Embryos displaying any apparent movement or morphological distortion
are discarded from further analysis.

a
DNA FISH

xth-cycle hybridization Imaging

b

cde

Fig. 6 | Scheme of hybridization/imaging cycles. a, Primary oligo pool is hybridized to genomic DNA at the bench.
b, A readout oligo (blue), bearing a fluorophore (red star), specifically binds to the blue readout barcode. c, Once
hybridized, images are recorded for all ROIs. d, The fluorophore on the readout oligo is chemically cleaved or,
alternatively, photobleached. e, A new hybridization cycle starts with a different readout oligo, now targeting the
amber barcode.
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Next, a custom-made MATLAB program is used to perform the following image analysis steps
after deconvolution (Figs. 9 and 10). The workflow starts with the segmentation of nuclei from pre-
sequential images with a graphical user interface (GUI). A number of parameters can be pre-tuned
(e.g., threshold, z-range) (Fig. 10) and manually modified in the GUI. Next, the GUI loads the stack,
extracts the usable z-range, corrects for inhomogeneous excitation, and flattens the image by
maximum-intensity projection. Next, a detection algorithm with tunable parameters (e.g., threshold,
intensity range) segments nuclei by using adaptive thresholding and water shedding (using built-in
MATLAB functions). The user iteratively changes the parameters until a satisfactory result is reached
(i.e., masks reflect the observed nuclei). Once parameters have been optimized and verified, all the
ROIs can be analyzed in a batch.

A similar procedure is used to segment the barcodes. This procedure involves loading the image,
extracting the z-range, correcting for inhomogeneous excitation, and segmentation by local thresholding.
An estimate of the 3D positions of the barcodes is obtained from the center of gravity of the masks
segmented in this step. These 3D coordinates are next refined using a 3D Gaussian fitting algorithm.

Finally, a registration step is performed by image cross-correlation of the fiducial barcodes. A
correction vector is derived and applied for each barcode. Corrected 3D barcode coordinates and
nuclei masks are then used to determine which barcodes are associated with which nuclei. These data
are used to calculate the mean absolute contact probabilities and normalized mean pairwise distances
for each pair of barcodes (see heatmaps in Fig. 11).

Controls
During in situ hybridization, chromatin is denatured by heating in the presence of formamide to
enable the binding of the primary probes. First, to ensure that this step did not affect the labeling of
the RNA, it is necessary to compare RNA intensities and distributions before and after DNA
hybridization.

Second, it is important to take steps to quantify the efficiency of hybridization of the primary
probes and the efficiency of binding of the imaging probes. For this, it is useful to measure the
distribution, the SNR, and the number of barcode spots per cell. These measurements should be
performed for each barcode in several embryos. Barcode spots should appear dense and uniform
across the field of view. In Drosophila, we typically observe that ~60–70% of nuclei display barcode
spots, reflecting the limited labeling efficiency. In these cells, ~80% contain a single barcode,
consistent with a high degree of homologous pairing41,42. This contrasts with mammalian cells, for
which two barcode spots should be detected in most labeled cells. The typical SNR in our experiments
was 50–500 after deconvolution as determined by calculating the average SNR from 20–100 spots.
A reduced SNR could indicate incomplete binding of primary or readout oligos.

Third, a bright-field image is acquired before and after the experiment to ensure that the embryos
did not move during the experiment. During the analysis phase, it is verified that embryos did not
change morphology or position during the experiment. Small-scale changes in embryos may occur
during acquisition, such as inhomogeneous expansions/contractions of a few hundred nanometers.
To account for these, fiducial marks are used. This enables us to both correct for stage drift and
account for any inhomogeneous expansion or contraction.

Fourth, Hi-M matrices should be generated from different regions of interest and for different
embryos at the same developmental stage to test whether the data are highly correlated (Pearson test
on the Hi-M pairwise distances and contact probabilities). Finally, a consolidated Hi-M contact
probability matrix is built and compared with existing Hi-C datasets (Pearson test on contact prob-
abilities). In addition, it can be verified that TAD borders are located at the same genomic positions for
both datasets. When available, comparisons of Hi-M matrices with other sources of data (e.g., ChIP-
seq, enhancer trapping) is also important to ensure the validity of the results. For example, if a given
locus has proven to be an enhancer by a different technique, it would increase the confidence if
contacts involving this enhancer and promoters of annotated genes are visible using Hi-M.

Spatial resolution
In our approach, we avoid chromatic shift by using a single channel to record all barcodes. By
recording in two channels, the number of hybridization cycles can be reduced by half. However,
chromatic aberrations need to be properly corrected, as described elsewhere42. Stage drift is inherently
present and also needs to be corrected using a fiducial barcode. The reported residual error of fiducial
barcodes after drift correction is ~80 ± 60 nm in xyz3. Ultimately, this will limit the minimal distance
that can be resolved between any two barcodes.
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Materials

Biological materials
● Wild-type fruit flies

Reagents
● Oligo pool (131–150 nt; CustomArray, custom order) Oligo pool sequences used to generate the
example data can be found in Supplementary Table 1.

● KAPA Taq Kit with dNTPs (CliniSciences, cat. no. BK1003)
● HiScribe T7 High Yield RNA Synthesis Kit (New England BioLabs, cat. no. E2040S)
● Maxima H Minus reverse transcriptase kit (Fisher Scientific, cat. no. 13243159)
● dNTP set (100 mM) solution (Fisher Scientific, cat. no. 10083252)
● RNasin ribonuclease inhibitor (Promega, cat. no. N2515)
● Oligo Clean & Concentrator Kit (Zymo, cat. no. D4060)
● DNA Clean & Concentrator Kit (Zymo; 25-µg capacity, cat. no. D4033; 100-μg capacity,
cat. no. D4029)

● SYBR Safe Nucleic Acid Gel Stain (Invitrogen, cat. no. S33102)
● RNA loading dye (2×; New England BioLabs, cat.no. B0363S)
● Low-range ssRNA ladder (New England BioLabs, cat. no. N0364S)
● SYBR Gold Nucleic Acid Gel Stain (Fisher Scientific, cat. no. S11494)
● Agarose (standard DNA grade; Euromedex, cat. no. D5-E)
● GeneRuler 100-bp DNA ladder (Fisher Scientific, cat. no. SM0243)
● Ammonium acetate (5 M; Fisher Scientific, cat. no. 10534645)
● Glycogen (5 mg/mL; Ambion, cat. no. AM9510)
● TEMED (Thermo Scientific, cat. no. 17919)
● Ammonium persulfate (APS; Fisher Scientific, cat. no. 17874)
● Acrylamide/bis-acrylamide (19:1, 40% (wt/vol)) solution (Fisher Scientific, cat. no. BP1406-01)
● Cetyl PEG–PPG-10–1 dimethicone (ABIL EM 90; Evonik, https://www.ulprospector.com/en/na/
PersonalCare/Detail/1481/51913/ABIL-EM-90)

● Diethyl ether (Sigma-Aldrich, cat. no. 296082)
● Ethyl acetate (Sigma-Aldrich, cat. no. 270989)
● Mineral oil (500 mL; Sigma-Aldrich, cat. no. M5904)
● Triton X-100 (250 mL; Sigma-Aldrich, cat. no. T8787)
● Tween 20 (500 mL; Sigma-Aldrich, cat. no. P2287)
● CHAPS (Sigma, cat. no. 226947)
● Dulbecco’s phosphate-buffered saline (PBS; Gibco, cat. no. 14190169)
● Poly-L-lysine solution (Sigma-Aldrich, cat. no. P8920)
● Saline–sodium citrate buffer (SSC; 3 M NaCl in 0.3 M sodium citrate; 20×; Thermo Fisher Scientific,
cat. no. AM 9770)

● Tris base (BM grade; Euromedex, cat. no. 200923-A)
● Sodium chloride (NaCl; 99.5%; Euromedex, cat. no. 1112-A)
● Sodium dihydrogen phosphate, dihydrate (NaH2PO4; Euromedex, cat. no. T879)
● Dry yeast, fine (Lab Scientific, cat. no. FLY-8040-20F)
● Clorox Ultra Germicidal Liquid Bleach (Fisher Scientific, cat. no. 50371500)
● Heptane (Fisher Chemical, cat. no. O3008-4)
● Paraformaldehyde (formaldehyde) solution, methanol free (32% (wt/vol); Electron Microscopy
Sciences, cat. no. 15714) ! CAUTION Paraformaldehyde is a toxic cross-linking agent. Wear protective
gloves and handle it under a fume hood. Discard according to relevant environmental health and safety
instructions c CRITICAL The use of methanol-free paraformaldehyde to fix embryos can greatly
reduce autofluorescence.

● Formaldehyde solution (37% (wt/vol); Sigma-Aldrich, cat. no. 47608)
● Methanol (Fisher Chemical, cat. no. A412-4)
● Acetone (Merck, cat. no. 1000122500)
● Deionized formamide (100 ml; Amresco, cat. no. 0606) ! CAUTION Formamide is toxic and should be
handled with protective gloves under a fume hood and discarded according to relevant environmental
health and safety instructions.

● Hydrogen peroxide solution (30% (wt/wt); Sigma-Aldrich, cat. no. H1009) c CRITICAL The stabilizer
included in this reagent warrants a long shelf time.
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● Alexa Fluor 488 tyramide reagent (Invitrogen, cat. no. B40953)
● RNA probe: full-length snail gene (Dmel_CG3956,dm6 15476621..15478176, flanking sequences
ATTTAATTCTTCTCTTTAAGC and GGGTAAATCGGGAGATCGGCG), obtained from in vitro
transcription of pl190 plasmid43 (Reagent setup)

● Tris(2-carboxyethyl)phosphine hydrochloride (TCEP; Sigma-Aldrich, cat. no. 646547)
● Anti-digoxygenin-POD, Fab fragments (anti-DIG; Roche, cat. no. 11207733910, RRID: AB_514500)
● Blocking reagent (Sigma-Aldrich, cat. no. 11096176001) c CRITICAL Commercial blocking reagent
warrants reproducibility.

● RNase A (Sigma-Aldrich, cat. no. R6513)
● Dextran sulfate (Sigma-Aldrich, cat. no. D8906)
● Salmon sperm DNA (Ambion, cat. no. AM9680)
● Heparin (Sigma-Aldrich, cat. no. H4784)
● BSA (Roche, cat. no. 10711454001)
● 4′,6-Diamidine-2′-phenylindole dihydrochloride (DAPI; Roche, cat. no. 10236276001)
● Glucose oxidase (Sigma-Aldrich, cat. no. G2133)
● Catalase (Sigma-Aldrich, cat. no. C30)
● D(+) Glucose, anhydrous (Euromedex, cat. no. UG3050)
● Alexa 647 readout probes (Integrated DNA Technologies, custom order) Sequences can be found in
Supplementary Table 2 and are complementary to the readout sequences.

● Rhodamine-labeled DNA oligo (for the fiducial barcode readout): CATTGCCGTATGGGCTAG-
GATGACCTGGCTCG/3RhodRd-XN/ (Integrated DNA Technologies, custom order)

● Sodium hydroxide (NaOH)
● Boric acid
● Agar
● Apple juice
● Maleic acid
● Ethanol
● Dimethyl sulfoxide (DMSO)
● ddH2O

Equipment
● PCR machine (thermal cycler; Bio-Rad, model no. T100)
● Positive-displacement micropipette (Gilson M250; Fisher Scientific, cat. no. F148505)
● Glass vial (2 mL, 11 mm; VWR, cat. no. 66009-822)
● Magnetic stir bar (BelArt, cat. no. 371191083)
● Magnetic stirrer (10 mm)
● NanoDrop spectrophotometer (Thermo Scientific, model no. ND-1000UV/Vis)
● Vortex (standard mini vortex; VWR)
● Falcon conical centrifuge tubes (15 mL and 50 mL; Fisher Scientific, cat. nos. 14-959-53A and 14-959-49A)
● Tabletop centrifuge (Eppendorf, cat. no. 5424)
● Syringes (30 mL, 20 mL and 10 mL; Terumo, cat. nos. SS-30S and SS-20S2; Dutscher, cat. no. 050008)
● Embryo collection cage (8.75 cm × 14.8 cm; Flystuff, cat. no. 59-101)
● Plastic Petri dishes (for small apple juice plates; 60 ×15 mm; Corning, cat. no. 430166)
● Nylon filter (BD Falcon, cat. no. 352350)
● Water bath (Grant Instruments, model no. JBN5; Fisher Scientific, cat. no. 15177015)
● Thermal mixer (AccuTherm microtube shaking incubator; Labnet, cat. no. I-4001-HCS)
● Gas burner
● Disposable scalpel (Swann-Morton, cat. no. 0516)
● Plastic Petri dishes (60-mm diameter; Greiner Bio-One, cat. no.628163)
● Disposable glass Pasteur pipette (VWR, cat. no. 612-1702)
● Glass vial for embryo collection (DWK Life Sciences, cat. no. 986562)
● Rotating wheel
● Rapid automated modular microscope system (RAMM; Applied Scientific Instrumentation)
● Water-immersion objective (60×, numerical aperture (NA) = 1.2; Nikon Plan-achromat)
● sCMOS camera (Hamamatsu, model no. Orca Flash 4.0v3)
● Two-axis translation stage (Applied Scientific Instrumentation, model no. MS2000)
● Lasers (405, 488, 561 and 641 nm; Coherent, model nos. obis 405, obis 488, obis 640 and sapphire 561)
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● Acousto-optic tunable filter (AA opto-electronics, cat. no. AOTFnC-400.650)
● Four-band dichroic mirror (Chroma, cat. no. zt405/488/561/640rpc-UF2)
● Four-band emission filter (Chroma, cat. no. ZET405/488/561/640m)
● Single-axis piezo stage (Mad City Labs, model no. Nano-F100)
● Laser (785 nm; Coherent, model no. obis 785)
● Position-sensitive detector (Newport, model no. OBP-A-4H)
● Microscope coverslips (Bioptechs, cat. no. 40-1313-0319)
● Microfluidic FCS2 chamber (Bioptechs, cat. no. 03060319-2-NH)
● Negative-pressure pump (Fluigent, model no. MFCS-EZ, cat. no. EZ-80345001)
● Flow unit L (Fluigent, ref. FLU-L-D)
● Online degassing unit (HPLC DegaSi Plus; Cluzeau Info Labo, cat. no. 00036352A)
● Acquisition computer: two Intel processors (model no. Xeon E5-2620), PCIe controller for RAID, two
512-GB SSD drives in RAID0, 32-GB RAM, graphics processing unit (GPU) card, four 2-TB disks for
internal storage c CRITICAL Make sure there is enough space in the computer storage disk. The
acquisition of 30 ROIs (~10 embryos) for 20 barcodes can take up to 1–1.5 TB.

● A server running on Linux with 32 CPU processors, 2 GeForce GTX 1080Ti GPU cards, and 128
GB of RAM

● HVXM8-5 injection valves (three) and controller (Hamilton, cat. nos. 36766 and 36798)
● Aluminum foil
● PCR strip tubes
● Parafilm

Software
● Oligopaints script suite (http://genetics.med.harvard.edu/oligopaints)
● MATLAB v.2017b (MathWorks: https://www.mathworks.com/products/new_products/release2017b.
html)

● LabView 2015 (National Instruments: https://forums.ni.com/t5/LabVIEW/LabView-2015-download/
td-p/3687898?profile.language=en)

● Huygens deconvolution software (Scientific Volume Imaging: https://svi.nl/HuygensSoftware)
● Custom-made software package (https://github.com/marcnol/HiMacquisitionSoft.git)

Reagent setup
PCR oil phase
The final concentration is 95.95:4:0.05 (vol/vol/vol) mineral oil/ABIL EM 90/Triton X-100. If
available, a positive-displacement pipette can be used to directly pipette 2 mL of ABIL EM 90, 25 µL
of Triton X-100 and 47.975 mL of mineral oil into a 50-mL Falcon tube. Add the mineral oil in two
steps, vortexing between them. If a positive-displacement pipette is not available, the volume can be
accurately determined by weighing. To prepare 50 mL of PCR oil phase, weigh 20.3 g of mineral oil
(around 24 mL) directly into a 50-mL Falcon tube, add 2 mL of ABIL EM 90 and 25 µL of Triton
X-100, vortex thoroughly and all the mixture to rest for 5 min. Then add 20 g of mineral oil and
homogenize by inversion of the tube. Make 20-mL aliquots of PCR oil phase and store indefinitely
at 4 °C.

1 M NaOH solution
Weigh 2 g of NaOH, mix it with 30 mL of ddH2O in a 50-mL Falcon tube and dissolve. Bring the
volume to 50 mL with ddH2O and pass the solution through a 0.22-µm filter. The solution can be
stored at room temperature (RT; ~23 °C) for several months.

0.5 M EDTA solution
To prepare 200 mL, weigh 37.23 g of EDTA and mix it with 150 mL of ddH2O in a glass beaker. Add
a magnetic stir bar and stir while adjusting to pH 8 with 10 M NaOH. Add ddH2O up to 200 mL.
Filter the solution with a 0.22-µm filter. The solution can be stored at 4 °C for several months.

c CRITICAL EDTA will not dissolve until the pH approaches 8. Verify the pH of the final solution
because the pH may decrease when EDTA is dissolved.
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Water-saturated diethyl ether
Mix 3 mL of diethyl ether with 3 mL of ddH2O and vortex for 30 s. Allow the mixture to settle and
use the organic upper phase. Prepare freshly.

Water-saturated ethyl acetate
Mix 2 mL of ethyl acetate with 2 mL of ddH2O and vortex for 30 s. Allow the mixture to settle and
use the organic upper phase. Prepare freshly.

10% (vol/vol) Tween 20 solution
Mix 50 µL of Tween 20 with 450 µL of ddH2O and vortex until the solution becomes homogeneous.
Store at 4 °C for up to 2 weeks.

PBS–Tween 20 solution
To make PBS–Tween 20 solution (PBT), combine 49.5 mL of PBS with 500 µL of 10% Tween 20 (vol/
vol). c CRITICAL Prepare freshly.

PBS–Triton X-100 solution
To make PBS–Triton X-100 solution (PBS-Tr), add 50 µL of Triton X-100 to 10 mL of PBS and
vortex until the solution becomes homogeneous. c CRITICAL Prepare freshly.

4% (wt/vol) paraformaldehyde in PBS
To prepare 8 mL, mix 1 mL of 32% (wt/vol) paraformaldehyde (methanol free) with 7 mL of PBS.

c CRITICAL Prepare freshly.

5% (wt/vol) formaldehyde in PBT
Mix 1.35 mL of 37% (wt/vol) formaldehyde solution with 9 mL of PBT. c CRITICAL Prepare freshly.

10× TBE
10× TBE is 1 M Tris base, 1 M boric acid and 0.02 M EDTA. Dissolve 60.55 g of Tris base, 30.9 g of
boric acid and 3.7 g of EDTA. Adjust the volume to 500 mL with ddH2O. Store at RT indefinitely.

Gel for urea PAGE
To make the gel, mix 6 g of urea, 1.25 mL of TBE 10× and 3.5 mL of ddH2O. Heat the solution at 60 °C in
a water bath until the urea has dissolved. Add 3.125 mL of acrylamide/bisacrylamide, 75 µL of 10% (wt/
vol) APS and 15 µL of TEMED. Cast the polyacrylamide gel in 0.75-mm-thick spacers. Prepare freshly.

Yeast paste
Dissolve 25 g of fine dry yeast powder in 20 mL of water. Add enough water to achieve a consistency
similar to that of peanut butter. Store it at 4 °C for up to 2 weeks.

Apple juice plates
To make the agar–apple juice plates, fill plastic Petri dishes halfway with agar mixed with apple juice.
For a detailed protocol, refer to ref. 44. Apple juice plates can be stored at 4 °C for 1 month.

RNA hybridization solution
RNA hybridization solution (RHS) is 5× SSC, 50% (vol/vol) formamide, 0.1% (vol/vol) Tween 20,
0.05 mg/mL heparin and 0.1 mg/mL salmon sperm. To prepare 250 mL of RHS, mix 125 mL of
formamide, 62.5 mL of 20× SSC, 1.25 mL of 10 mg/mL heparin, 2.5 mL of 10% Tween 20 (vol/vol),
2.5 mL of 10 mg/mL salmon sperm and 56.25 mL of ddH2O. Prepare 50-mL aliquots and store at
−20 °C for up to several months.

RNA probe preparation
Use 250 ng of linearized pl190 plasmid DNA (previously digested with NotI restriction enzyme) to
in vitro–transcribe with digoxigenin haptenes using HiScribe T7 RNA polymerase according to the
manufacturer’s instructions. Treat the probe with carbonate buffer at 65 °C for 5 min to partially
hydrolyze it. For a detailed protocol, refer to ref. 45. Make 5-µL aliquots and store at −20 °C for a few
months. For RNA-FISH, add 2 µL of RNA probe obtained in this way to 250 µL of RHS and incubate
at 85 °C in a dry bath incubator for 2.5 min. Then incubate on ice for at least 2 min before adding it to
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the embryos. c CRITICAL Freshly prepare the RNA probe, keeping it on ice no more than an hour
before its use. Check the temperature of the dry bath to avoid probe degradation. Do not exceed 2.5 min
of incubation because high temperatures might degrade the probe. Do not denature reused probes.

Maleic acid buffer
Maleic acid buffer is 0.1 M maleic acid, 0.15 M NaCl. To make 200 mL of buffer, add 2.3 g of maleic
acid, 1.7 g of NaCl, 1.2 g of NaOH and 100 mL of ddH2O. Measure the pH and adjust to pH 7.5 with
5 M NaOH. Make up the volume to 200 mL with ddH2O and filter. The solution can be stored at RT
for up to six months.

5× blocking solution
Combine 10 g of blocking reagent with 50 mL of maleic acid buffer, agitate and heat until complete
dissolution. Bring the volume to 100 mL with maleic acid buffer. Autoclave and make 10-mL aliquots.

c CRITICAL 5× blocking solution can be stored at −20 °C for up to several months. Once thawed, keep
it on ice at all times.

1× blocking solution
Prepare the solution by mixing 5× blocking solution with PBT in a 1:4 ratio. c CRITICAL Freshly
prepare solution and keep it on ice. Discard any remaining solution.

RNase A solution
Dissolve the 10-mg vial in 1 mL of ddH2O (100×). Make 50-µL aliquots and store at −20 °C for up to
a year.

50% (wt/vol) dextran sulfate
To prepare the solution, combine 25 g of dextran sulfate with 40 mL of ddH2O, heat to 37 °C until it
fully dissolves and then add ddH2O to a final volume of 50 mL. The solution can be stored at 4 °C for
several months.

100 mM NaH2PO4, pH 7
To prepare 50 mL of this solution, mix 0.78 g of NaH2PO4 with 30 mL of ddH2O. Adjust to pH 7, and
bring the volume to 50 mL with ddH2O. Pass the solution through a 0.22-µm filter. The solution can
be stored at 4 °C for several months.

Prehybridization mixture
Prehybridization mixture (pHM) is 50% formamide, 4× SSC, 100 mM NaH2PO4, pH 7, and 0.1%
Tween 20. Prepare freshly.

DNA hybridization solution
DNA hybridization solution (DHS) is 2× SSC, 50% (vol/vol) formamide, 10% (vol/vol) dextran
sulfate and 0.5 mg/mL salmon sperm. Combine 5 mL of formamide, 2 mL of 50% (vol/vol) dextran
sulfate, 1 mL of 20× SSC, 500 µL of salmon sperm (10 mg/mL) and 1.5 mL of ddH2O. Store at −20 °C
for up to several months. Prewarm at 37 °C before use.

50% (wt/vol) glucose
To prepare 40 mL of 50% (wt/vol) glucose, combine 20 g of glucose with 30 mL of ddH2O, heat
to 60 °C until it dissolves and then add ddH2O to 40 mL. The solution can be stored at RT for
several months.

DAPI solution
Prepare a 0.5 μg/mL DAPI solution in 1× PBS by diluting the stock solution. Store the solution,
covered with aluminum foil, at 4 °C. The solution can be used over several weeks.

1 M NaCl solution
To prepare 50 mL of this solution, mix 2.92 g of NaCl with 30 mL of ddH2O in a 50-mL Falcon tube
and dissolve. Bring the volume to 50 mL with ddH2O and pass the solution through a 0.22-µm filter.
The solution can be stored at RT for several months.

PROTOCOL NATURE PROTOCOLS

854 NATURE PROTOCOLS | VOL 15 |MARCH 2020 | 840–876 |www.nature.com/nprot



1 M Tris-HCl solution, pH 8
To prepare 50 mL of this solution, mix 6 g of Tris base with 30 mL of ddH2O. Using a pH meter,
slowly add HCl with a glass Pasteur pipette to reach the desired pH. Bring the volume to 50 mL
with ddH2O, and pass the solution through a 0.22-µm filter. The solution can be stored at RT for
several months.

55 mM NaCl in 11 mM Tris-HCl solution, pH 8
To prepare 50 mL of this solution, mix 2.75 mL of 1M NaCl solution, 0.55 mL of 1M Tris-HCl
solution, pH 8, and 46.7 mL of ddH2O. Prepare freshly.

Gloxy solution
To prepare 1 mL of Gloxy solution, mix 50 mg of glucose oxidase, 100 µL of catalase and 900 µL of
55 mM NaCl in 11 mM Tris-HCl solution, pH 8. c CRITICAL Make 60-µL aliquots and store at
−20 °C. This solution is stable for several months. Defrost on the day of the experiment and keep on ice
until use. If there is a precipitate, spin it down (16,000 g, 3 s at RT) and use the supernatant. Once
thawed, an aliquot should be used within 1 week.

Hi-M wash buffer
Hi-M wash buffer is 2× SSC, 40% (vol/vol) formamide. To prepare 100 mL, combine 10 mL of 20×
SSC and 40 mL of formamide and bring the volume to 100 mL with ddH2O. c CRITICAL Freshly
prepare formamide-containing solutions and pass them through a 0.22-µm filter.

Hi-M acquisition solution
To prepare 10 mL of solution, combine 1 mL of 50% (wt/vol) glucose with 8.89 mL of PBS and 110 µL
of Gloxy solution. c CRITICAL Add Gloxy solution just before using the solution and mix. Once the
tubing is introduced, add a layer of mineral oil to prevent contact with oxygen from the ambient air.
Replace the solution after 12–15 h.

Readout probe solution
This solution contains a 25 nM concentration of the corresponding readout oligo in 40% (vol/vol)
formamide, 2× SSC. Readout oligo sequences can be found in Supplementary Table 2.

c CRITICAL Prepare freshly and keep the solution protected from light.

Chemical bleaching solution
To prepare 10 mL of chemical bleaching solution, mix one 1-mL ampule of TCEP with 9 mL of
2× SSC. c CRITICAL Prepare the solution immediately before use and discard any remaining solution.

Equipment setup
Wide-field epifluorescence microscope
We use a RAMM modular microscope system (Fig. 7) equipped with a 60× water-immersion
objective and a sCMOS camera for Hi-M imaging. With this objective–tube lens combination, we
obtained a 108-nm pixel size, leading to a ~220 × 220-µm field of view. Sample displacement and
embryo selection are performed using a two-axis translation stage. Wide-field epifluorescence illu-
mination is achieved using 405-/488-/561- and 641-nm lasers combined with an acousto-optic
tunable filter. To avoid the use of a mechanical filter-wheel, separation between excitation and
emission light is done using a four-band dichroic mirror combined with a four-band emission filter.
Finally, the objective lens is mounted on a single-axis piezo stage, enabling nanometer-precision
control of the objective axial position during z-scans and focus stabilization.

A homemade focus stabilization system was used to compensate for the axial drift in real time. A
785-nm laser beam is focused on the back focal plane of the objective, reaching the coverslip–sample
interface in near-TIRF illumination conditions. The position of the reflected beam is then measured
on a position-sensitive detector, and any variation in the objective–sample distance >100 nm is
automatically compensated for by repositioning the objective lens.

Hi-M sequential hybridization
Design of the fluid-handling circuits is implemented as described in Cardozo Gizzi et al.3 (Supple-
mentary Fig. 1). Buffers and probes are selected, using a combination of three eight-way valves.
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Therefore, the fluid-handling circuit consists of 21 tubes, each connected to one of the valves. The
tubes are connected as follows: one tube with 12 mL of Hi-M acquisition solution, one tube with 15
mL of chemical bleaching solution and 17 tubes with 2.5 mL of readout probe solution. One tube with
50 mL of Hi-M wash buffer and another with 50 mL of 2× SSC pass through an online degassing unit
before connecting to the corresponding valve to avoid air-bubble nucleation during Hi-M experi-
ments. The sample is mounted within an FCS2 chamber, and flow is created using a negative-pressure
pump. An online flow unit is used to continuously monitor flow rate, enabling precise control of
injected volumes and maintaining a steady flow in the chamber.

User–microscope interface
Image acquisition, sample positioning and liquid handling are controlled by a custom-made software
package developed in LabView 2015. The software package can be accessed at https://github.com/ma
rcnol/HiMacquisitionSoft.git.

Procedure

Design of Oligopaints libraries ● Timing 4–5 h
1 Download the Oligopaints scripts7 (including grabRegion.py and orderFile.py) and .bed files

containing all primary oligos by following the instructions in the Scripts Manual found in the
‘Documentation’ tab of http://genetics.med.harvard.edu/oligopaints.

c CRITICAL STEP .bed files contain the sequences of oligos previously mined using OligoArray31 or
OligoMiner33, covering the Drosophila non-repetitive genome.

2 Define genomic locations of interest (barcodes) and use grabRegion.py to select the oligos
corresponding to each barcode. To execute the grabRegion.py script, open a Command Prompt

Negative-pressure pump

FCS flow chamber

Solid-state lasers Optic path

Microfluidic valves and tubes

(i) (ii)

(iii)

(v)(iv)

60× Objective

Fig. 7 | Hi-M setup. Center, an image of the Hi-M setup. White arrow indicates the location of the 60× water-
immersion objective (not visible). The microfluidic tubing is highlighted in yellow. Colored rectangles correspond to
zoomed-in images of key components. (i) The solid-state lasers are combined with dichroic mirrors, and an acousto-
optic tunable filter (AOTF) is used to switch the different laser lines on/off and to change intensity. (ii) Beams are
expanded by a telescope and focused at the back focal plane of a 60× objective. (iii) Flow is created by a negative-
pressure pump at the outlet. Liquid is withdrawn from the inlet of a valve, (iv), passes through the FCS2 flow
chamber (v) and the online flow unit, and is then discarded into the bottle in the outlet.
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(Windows) or Terminal (OS X/Linux/UNIX) window in the folder containing the script. Next, type
the following command:

python grabRegion.py -i data.bed

where data.bed is the name of the chromosome database file. A dialog box will appear asking
the user to enter start and end coordinates. Repeat the process for all barcode coordinates. Record
the number of oligos in each barcode because this will be necessary later.

c CRITICAL STEP Further instructions on how to use the scripts, including step-by-step examples,
can be found on the Scripts Manual.

c CRITICAL STEP Include also a fiducial barcode. For this, select a genomic region of ~20 kb (or
200 oligos) that does not overlap with any of the other barcodes.

3 An output text file for each barcode is created with a list of oligos. Concatenate all output files using
a Command Prompt/Terminal window. For example, in Linux/UNIX, use the following command:

cat file1.txt file2.txt file3.txt > mergedfile.txt

Use type instead of cat in a Windows Command Prompt window.
4 Create a unique text file with the readout sequences for all barcodes and name it ‘primers.txt’. It

consists of a line for each barcode. In each line, add (i) the 5ʹ readout sequence, (ii) the 3ʹ readout
sequence (repeat the previous sequence) and (iii) and the range of probes that compose the
barcodes (i.e., 1–50, 51–96) based on the number of oligos in each barcode obtained in Step 2. The
information (i–iii) must be separated with tabs. Use the sequences from Supplementary Table 3.
For example, if using readout1 and 50 oligos were found for barcode 1, the first line would be
as follows:

CACACGCTCTTCCGTTCTATGCGACGTCGGTGCACACGCTCTTCCGTTCTATGCGACGTCGGT
G1-50

c CRITICAL STEP The sequences must be given in the 5ʹ to 3ʹ direction.

c CRITICAL STEP For the fiducial barcode, the readout sequence is the reverse complementary of
the rhodamine-labeled oligo (Reagents).

5 It is necessary to add the universal priming region to the sequences present in the primers.txt file from Step
4. To do so, insert the forward universal priming sequence into the first column and the reverse universal
priming sequence into the second column in all rows. Use the sequences from Supplementary Table 4.

c CRITICAL STEP Both forward and reverse primers should be input in the 5ʹ to 3ʹ direction.
6 Use orderFile.py to add the corresponding readout plus universal primer sequences to all the oligos

in the library. Open a Command Line/ Terminal window in the folder containing the scripts, where
all the output files are located, and type:

python orderFile.py –p primers.txt mergedfile.txt

This will require the full list of oligos from Step 3 (named ‘mergedfile.text’ in this example) and
the readout sequences file created in Step 5 (named ‘primers.txt’ in this example).

c CRITICAL STEP It is possible to embed multiple libraries within one oligo pool by using different
sets of universal primers.

7 Order the library of template oligos from an oligo pool synthesizer company such as CustomArray
or Twist Bioscience. Upon receipt, briefly centrifuge the tube (16,000 g, 3 s at RT) and resuspend in
nuclease-free 10 mM Tris-HCl solution, pH 8.0, to a concentration of 10–30 ng/µL. Prepare
aliquots to limit chances of contamination.

c CRITICAL STEP Companies typically require 2 weeks to synthesize a custom-made oligo pool.

j PAUSE POINT Store at −20 °C for up to a year. For longer (several years) storage, keep at −80 °C.

Amplification of Oligopaints ● Timing 4–5 d
8 Emulsion PCR. This step is performed to amplify the starting oligo pool (which can be limiting) in a

non-biased manner. Set up a PCR master mix for each library as indicated below and keep it on ice
until needed.
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Reagent Quantity (µL)

ddH2O 79

10× Kapa Taq buffer Aa 10

BSA (10 µg/µL) 5

dNTPs (10 mM)a 2

Forward primer (200 µM) 1

Reverse primer (200 µM) 1

Kapa polymerase enzymea (5 U/µL) 1

Oligo pool library (10–30 ng/µL; from Step 7) 1

Total 100

aFrom the KAPA Taq Kit with dNTPs.

Pre-chill a 2-mL, 11-mm glass vial in the freezer, place it on the center of a controlled stir plate and
then add a pre-cooled stir bar to the vial. Use a positive-displacement pipette to transfer 600 µL of
PCR oil phase to the glass vial. Stir at 1,000 r.p.m. for at least 1 min. While the stir bar is still
spinning, add 100 µL of PCR master mix in 20-µL increments, using a P20 pipette (i.e., dispense
20 µL five times). Stir at 1,000 r.p.m. for 10 min; the emulsion should appear milky white
and foamy. Use a positive-displacement pipette to transfer the emulsion to a PCR strip tube
(~8 × 75-µL aliquots).

c CRITICAL STEP The forward primer is the 5ʹ to 3ʹ forward universal priming sequence, whereas
the reverse primer is the reverse complement of the reverse universal priming sequence listed in
Supplementary Table 4.

c CRITICAL STEP Emulsion preparation must be performed in a cold room at 4 °C. All the
equipment must be put there in advance to cool it down before use.

c CRITICAL STEP It is not possible or necessary to transfer the whole emulsion volume to the PCR
strip tube.

9 Perform the PCR, using the following cycling conditions:

Cycle no. Denature Anneal Extend

1 95 °C, 2 min

2–31 95 °C, 15 s 60 °C, 15 s 72 °C, 20 s

32 72 °C, 5 min

j PAUSE POINT PCR product can be stored at 4 °C for a few days.
10 Small-scale emulsion PCR breaking. Pool the emulsion PCR reactions in a 1.5-mL microcentrifuge

tube. Add 1 µL of gel loading buffer (this will enable visualization of the aqueous phase in the next
step). Add 200 µL of mineral oil and vortex for 30 s. Centrifuge at 16,000g for 10 min at RT and
remove and discard the upper organic phase.

11 Add 1 mL of water-saturated diethyl ether and vortex for 1 min. Centrifuge at 16,000g for 1 min at
RT and remove and discard the organic upper phase.

12 Add 1 mL of water-saturated ethyl acetate and vortex 1 for min. Centrifuge at 16,000g for 1 min at
RT and remove and discard the organic upper phase.

13 Repeat Step 11. Incubate the tube at 37 °C for 5 min with the cap open to evaporate residual
diethyl ether.

c CRITICAL STEP The final volume should be ~80 µL.

j PAUSE POINT The PCR product can be stored at 4 °C for a few days.
14 Purify the DNA with an Oligo Clean & Concentrator Kit. Mix 80 µL of DNA from the preceding

step with 160 µL of Oligo Binding Buffer and 320 µL of ethanol. Homogenize the solution by
pipetting up and down 10 times. Follow the manufacturer’s instructions up to the DNA elution
step. Repeat the elution with an extra 15 µL of water and then add 20 µL of water directly into the
tube to obtain a final volume of 50 µL.
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15 Quantify the DNA concentration with a spectrophotometer by directly taking 2 µL of purified PCR
product. The concentration should be between 20 and 40 ng/µL.

16 Run a gel electrophoresis to check for the presence of a single band, using 200 ng of PCR product in
a 1.5% (wt/vol) agarose gel with 0.01% (vol/vol) SYBR Safe at 100 V for 45 min.
? TROUBLESHOOTING

j PAUSE POINT The purified products can be frozen at −20 °C for several months.
17 Prepare for the small-scale limited-cycle PCR by setting up the following reaction mix for 8 tubes as

indicated in the table below.

Reagent Quantity per tube (µL)

10× Kapa Taq buffer Aa 5

dNTPs (10 mM)a 1

Forward primer (100 μM) 0.5

Reverse primer (100 μM) 0.5

Template emulsion PCR (1 ng/µL; from Step 16) 2.5

Kapa DNA polymerasea (5 U/µL) 0.5

ddH2O Bring to a final volume of 50 µL

aFrom the KAPA Taq Kit with dNTPs.

c CRITICAL STEP The T7 promoter sequence (5ʹ-TAATACGACTCACTATAGGGT-3ʹ) should be
appended 5′ to the reverse primer sequence used for the emulsion PCR step to allow for the reverse
transcription step.

18 Run the following PCR program:

Cycle no. Denature Anneal Extend

1 95 °C, 5 min

2–15 95 °C, 30 s 60 °C, 45 s 72 °C, 30 s

Pick up the corresponding tube after each of cycles 8–15 just after the extension phase. To do so,
quickly open the PCR machine, remove the corresponding tube, close the lid and resume
the program.

c CRITICAL STEP The limited number of cycles are performed to find the cycle number at which
the PCR is still at its exponential phase (Fig. 4a). Perform this step before proceeding to the large-
scale PCR (Step 20).

j PAUSE POINT The PCR product can be left overnight (ON) at 4 °C or frozen for up to a month at
−20 °C.

19 Run 20 µL of each PCR product on a 1.5% (wt/vol) agarose gel with 0.01% SYBR Safe at 100 V for
45 min. Find the reaction corresponding to the number of amplification cycles resulting in a single
band of the expected size and the maximum intensity (PCR cycle 12 in Fig. 4a).

20 Perform a large-scale limited-cycle PCR by preparing a reaction mix for 16 tubes as indicated in the
table below. This PCR reaction will generate a large quantity of Oligopaints.

Reagent Quantity (µL)

10× Kapa Taq buffer Aa 80

dNTPsa (10 mM) 16

Forward primer (100 µM) 8

Reverse primer (100 µM) 8

Kapa DNA polymerasea (5 U/µL) 8

ddH2O 640

Template emulsion PCR (1 ng/µL; from Step 16) 40

aFrom the KAPA Taq Kit with dNTPs.
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21 Split the volume of the PCR mix into 16 PCR tubes (50 µL each) and run the PCR program from
Step 18, using the optimized number of cycles determined in Step 19. Add a last extension cycle of
5 min at 72 °C.

j PAUSE POINT PCR products can be safely stored for months at −20 °C.
22 Collect the 50-µL aliquots from the preceding step into a 15-mL Falcon tube and run 20 µL of it in

an agarose gel as in Step 16 to check that the PCR was successful.
? TROUBLESHOOTING

23 Proceed to DNA column purification according to the manufacturer’s instructions.
c CRITICAL STEP Use a Zymo DNA Clean & Concentrator Kit with 25-µg capacity. Elute using

30 µL of DNase- and RNase-free water.
24 Quantify the product concentration with a spectrophotometer, using double-stranded DNA

parameters. This typically requires a 1:10 dilution of a 2-µL aliquot of the purified product. The
concentration of the undiluted stock should be between 30 and 50 ng/µL.

25 Run the remainder of the 1:10 stock dilution on a 1.5% agarose gel as in Step 16 (Fig. 4b).

c CRITICAL STEP Check for a single band of the expected size.
26 Perform in vitro transcription by setting up the reaction mix as indicated below:

Reagent Quantity (µL)

Purified PCR product (from Step 23) 6 µg of template DNA

ATP (100 mM)a 6

UTP (100 mM)a 6

CTP (100 mM)a 6

GTP (100 mM)a 6

10× T7 buffera 6

RNasin ribonuclease inhibitor (40 U/µL) 2.25

HiScribe T7 polymerasea 6

ddH2O Bring to a final volume of 60 µL

aFrom the HiScribe T7 High Yield RNA Synthesis Kit.

c CRITICAL STEP This step is a high-yield reaction that converts the template molecules into RNA
and amplifies them further. It is necessary to keep RNase-free conditions at all times.
? TROUBLESHOOTING

27 Split the volume from the in vitro transcription solution into 3 PCR tubes and incubate at 37 °C for
12–16 h in a thermocycler.

j PAUSE POINT In vitro transcription product can be stored frozen for months at −80 °C.
28 Take 5 µL of in vitro transcription product and purify it with an Oligo Clean & Concentrator Kit

according to manufacturer’s instructions, using 15 µL of DNase- and RNase-free water to elute the
purified product.

c CRITICAL STEP The purification is performed with only a small aliquot to check whether the
in vitro transcription was successful and to estimate the RNA concentration in the non-purified
RNA solution. Use the Oligo & Concentrator Zymo kit.

29 Make a 1:10 dilution to perform a quantification of the purified RNA on a spectrophotometer using
RNA parameters. The concentration should be between 0.5 and 2 µg/µL.

c CRITICAL STEP The concentration obtained enables estimation of the concentration in the
remaining non-purified RNA sample. For example, a 2 µg/µL concentration of the purified RNA
can be translated to an estimated concentration of 6 µg/µL in the non-purified RNA, taking into
account a dilution factor of 3 (from a 5-µL aliquot to a final volume of 15 µL). The total yield of the
in vitro transcription step should be ~150–450 µg from a single transcription step (60 µL in total).

30 Check for the RNA quality by urea PAGE. Perform a pre-run for 30 min in 1× TBE at 190 V to
eliminate the excess of persulfate. When finished, wash the wells with the running buffer. Load 100
ng of purified RNA per lane. Heat the sample at 95 °C for 5 min and put it immediately on ice for
2 min. Run the gel for 1 h at 190 V. For gel staining, incubate, protected from light, for 20 min at
RT in 30 mL of 1× TBE and 3 µL of SYBR Gold (Fig. 4c).

31 Perform the reverse transcription reaction according to the Maxima H reverse transcriptase kit
instructions by setting up the reaction mix indicated below.
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Product Quantity (µL)

Non-purified transcription product (from Step 27) 150 µg
dNTP mixa (100 mM) 12

Forward primer (100 µM) 50

5× RT bufferb 240

RNasin ribonuclease inhibitor (40 U/µL) 30

Maxima H Minus reverse transcriptaseb (200 U/µL) 30

ddH2O Bring to a final volume of 1,200 µL

aFrom the KAPA Taq Kit with dNTPs. bFrom the Maxima H Minus reverse transcriptase kit.

c CRITICAL STEP In this step, the non-purified RNA from Step 27 is directly used. RNA should
always be kept on ice to prevent degradation.

c CRITICAL STEP The primer sequence is the same as for the forward primer used in the emulsion
PCR and limited-cycle PCR.

32 Split the volume obtained in the preceding step into two 1.5-mL tubes and incubate for 3 h at 50 °C
in a water bath.

j PAUSE POINT The reverse transcription product can be stored frozen for months at −20 °C.
33 Perform the RNA degradation by adding 300 µL of 0.5 M EDTA and 300 µL of 1 M NaOH to each

tube and incubating the tubes at 95 °C for 15 min in a water bath.

c CRITICAL STEP This step enables the selective degradation of the RNA while retaining ssDNA.
34 Take a 10-µL aliquot to control for DNA concentration and to perform a gel electrophoresis as

in Step 16.
35 DNA probe purification. Mix the two aliquots from Step 33 in a sterile 50-mL Falcon tube. Add 4.8

mL of Oligo Binding Buffer and 19.2 mL of ethanol. Homogenize by inverting the tube a few times
and spread over two columns. Follow the manufacturer’s instructions from this point on.

c CRITICAL STEP Use the Zymo DNA Clean & Concentrator Kit with 100-µg capacity.
36 Take a 10-µL aliquot to measure the DNA concentration using a spectrophotometer and to perform

a gel electrophoresis as in Step 16. The concentration should be between 250 and 400 ng/µL, that is,
75–120 µg of ssDNA in total in 300 µL of DNA elution.

37 Ethanol precipitation. Directly add to the 300-µL DNA elution from Step 35 (2 ×150 µL) 24 µL of
5 M ammonium acetate, 6 µL of glycogen and 750 µL of 100% (vol/vol) ethanol at −20 °C. Vortex
and incubate for 1 h at −80 °C. Centrifuge at 13,000g for 1 h at 4 °C. Discard the supernatant and
wash the pellet with 1 mL of ice-cold 70% ethanol (vol/vol). Centrifuge at 13,000g for 15 min at
4 °C. Discard the supernatant, air-dry the pellet for 10 min at 37 °C and add 20 µL of DNase- and
RNase-free water. Let the ssDNA resuspend for 10 min at 37 °C, and then place and keep on ice.

38 Quantify the oligo concentration with a spectrophotometer, using ssDNA parameters.

c CRITICAL STEP The total quantity of ssDNA should be on the order of 80–120 µg.
39 Check the quality of the ssDNA by urea PAGE as described in Step 30 (Fig. 4c).

c CRITICAL STEP This step enables verification of RNA degradation and the efficacy of the reverse
transcription step.

j PAUSE POINT Probes can be stored at −20 °C for months.

Embryo collection and fixation ● Timing 2–3 h
40 Place 200–400 flies with a 2:1 female/male ratio into an egg-collection cage equipped with an apple

juice plate containing a dollop of yeast paste and prewarmed to 25 °C (or the temperature required
for the specific experiment). Perform an ON pre-laying step.

41 Replace the plate with a new one containing a dollop of yeast paste prewarmed to 25 °C. Perform a
laying step for 1.5 h at 25 °C.

42 Remove the plate, cover it and incubate for 1 h (or the time required to obtain embryos at the
desired developmental stage) at 25 °C.

43 Rinse the plates with ddH2O and carefully detach the embryos using a brush. Filter the liquid with a
Nylon filter. The embryos will remain on the filter.

44 Prepare a six-well plate with one well containing bleach at 2.6% active chlorine, and the other five
containing water. Put the filter with the embryos into the bleach-containing well and incubate
for 5 min.
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45 Rinse the embryos by sequentially immersing the Nylon filter into each of the water-containing
wells. Dry embryos between steps by pressing on a paper tissue.

46 Use a 1-mL pipette to add 5 mL of 4% (vol/vol) paraformaldehyde in PBS to rinse the filter and
displace the embryos into a 20-mL glass vial.
! CAUTION Paraformaldehyde is toxic and should be handled with protective gloves under a fume
hood and discarded according to the relevant environmental and safety instructions.

c CRITICAL STEP To facilitate the transfer of the embryos, place all of them at the center of the
filter. Embryos on the borders of the filter might otherwise be lost.

47 Add 5 mL of heptane to the vial, then close and vigorously shake it manually for 30 s. You can cover
the cap of the vial with Parafilm to avoid leakage of the paraformaldehyde and heptane solution
inside. Incubate the embryos for 20 min at RT.

48 Use a glass Pasteur pipette to aspirate the lower aqueous phase from the bottom of the vial and
discard it.
! CAUTION Paraformaldehyde is toxic and should be handled with protective gloves under a fume
hood and discarded according to the relevant environmental and safety instructions.

49 Add 5 mL of methanol and vortex the glass vial for 15 s. Use a glass Pasteur pipette to transfer the
embryos from the bottom of the glass vial to a 1.5-mL tube.
! CAUTION Methanol is toxic and highly volatile; it should be handled with protective gloves under
a fume hood and discarded according to the relevant environmental and safety instructions.

c CRITICAL STEP Avoid using plastic tips to transfer the embryos because a portion of the embryos
can remain attached to the plastic.

50 Wash the embryos three times with 1 mL of methanol.

j PAUSE POINT Fixed embryos can be stored in methanol at −20 °C for months.

(Optional) RNA in situ hybridization ● Timing 2.5 d

c CRITICAL This procedure can be omitted if only DNA-labeled embryos are required.
51 Transfer 30 µL of fixed embryos from Step 50 to a 1.5-mL tube.

c CRITICAL STEP Use a glass Pasteur pipette.
52 Rinse the embryos with 1 mL of 100% (vol/vol) methanol. Wash the embryos with 1 mL of a 1:1

mixture of 100% (vol/vol) methanol and 100% (vol/vol) ethanol and incubate for 5 min at RT on a
rotating wheel.

c CRITICAL STEP Let the embryos settle to the bottom of the tube by gravity (1–2 min) and then
carefully remove and discard the washing solution.

53 Rinse the embryos twice with 1 mL of 100% (vol/vol) ethanol. Wash the embryos with 1 mL of
100% (vol/vol) ethanol and incubate for 5 min at RT on a rotating wheel.

54 Repeat the preceding step.

c CRITICAL STEP These steps remove impurities and reduce background.
55 Rinse the embryos twice with 1 mL of 100% (vol/vol) methanol. Wash the embryos with 1 mL of

100% (vol/vol) methanol and incubate for 5 min at RT on a rotating wheel.
56 Wash the embryos with 1 mL of a 1:1 mixture of 100% (vol/vol) methanol and 5% (vol/vol)

formaldehyde in PBT and incubate for 5 min at RT on a rotating wheel. Rinse the embryos with
1 mL of 5% (vol/vol) formaldehyde in PBT.
! CAUTION Formaldehyde is toxic and should be handled with protective gloves under a fume hood
and discarded according to the relevant environmental and safety instructions.

57 Fix the embryos with 1 mL of 5% (vol/vol) formaldehyde in PBT for 25 min at RT on a
rotating wheel.

c CRITICAL STEP Post-fixation ensures RNA integrity.
58 Rinse the embryos twice with 1 mL of PBT. Wash the embryos four times with 1 mL of PBT and

incubate for 15 min at RT on a rotating wheel.

j PAUSE POINT Once rehydrated, the embryos can be stored in PBT for several hours at RT or for
several days at 4 °C before continuing to the next step.

59 Permeabilize the embryos by incubation with PBS-Tr for 1 h at RT on a rotating wheel.
60 Rinse the embryos with 1 mL of PBT. Wash the embryos three times with 1 mL of PBT and

incubate for 5 min at RT on a rotating wheel.
61 Wash the embryos with 1 mL of a 1:1 mixture of RHS/PBT and incubate for 10 min at RT on a

rotating wheel.

j PAUSE POINT It is possible to store the embryos in RHS at −20 °C for several weeks.
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62 Incubate the embryos with 1 mL of prewarmed (to 55 °C) RHS in a thermal mixer at 800–900 r.p.m.
at 55 °C for 10 min.
! CAUTION RHS contains formamide, which is toxic and should be handled with protective gloves
under a fume hood and discarded according to the relevant environmental and safety instructions.

63 Replace the media with fresh prewarmed (to 55 °C) RHS and incubate the embryos at 55 °C in a
thermal mixer at 800–900 r.p.m. for 45 min.

c CRITICAL STEP Before changing the media, allow the embryos to settle to the bottom of the tube.
Because RHS is highly viscous, this could take several minutes. It is possible to use the thermal
mixer at 300 r.p.m. to speed up the process.

64 Repeat the preceding step with an incubation time of 1 h 15 min.
65 Completely remove the RHS and immediately add the 250 µL of RNA probe (Reagent setup).

Incubate the embryos at 55 °C ON in a thermal mixer at 800–900 r.p.m.

c CRITICAL STEP Work fast to ensure that the embryos remain at 55 °C when adding the probe
directly from the ice.

66 Retain the supernatant with the used probe for two more utilizations by carefully aspirating it. The
used probe can be stored at −20 °C for up to several months.

c CRITICAL STEP Allow the embryos to settle to the bottom of the tube by stopping the thermal
mixer agitation for 3–5 min.

67 Rinse the embryos twice with 1 mL of RHS prewarmed to 55 °C. Wash the embryos four times with
1 mL of prewarmed RHS in a thermal mixer at 800–900 r.p.m. at 55 °C for 30 min.

68 Wash the embryos with 1 mL of a 1:1 mixture of RHS/PBT and incubate for 10 min at RT on a
rotating wheel.

69 Wash the embryos three times with 1 mL of PBT and incubate for 20 min at RT on a
rotating wheel.

70 Perform a saturation step by incubating the embryos with 1× blocking solution for 45 min at RT on
a rotating wheel.

c CRITICAL STEP The use of the commercially available blocking solution greatly reduces
unspecific binding of the antibody.

71 Remove the 1× blocking solution and incubate the embryos with 1 mL of 1% hydrogen peroxide
(vol/vol) in PBT for 30 min at RT on a rotating wheel.

c CRITICAL STEP The inactivation of endogenous peroxidases is required to avoid a high
fluorescence background.

72 Wash the embryos two times with 1 mL of PBT and incubate for 5 min at RT on a rotating wheel.
73 Incubate the embryos with the anti-DIG antibody (1:500 dilution in 1× blocking solution) ON at

4 °C on a rotating wheel.
74 Rinse the embryos twice with 1 mL of PBT. Wash the embryos five times with 1 mL of PBT and

incubate for 12 min at RT on a rotating wheel.
75 Incubate the embryos with the tyramide solution (5 µL of Alexa Fluor 488 tyramide reagent in

500 µL of PBT) for 30 min at RT on a rotating wheel.

c CRITICAL STEP Use aluminum foil to protect the embryos from the light.
76 Prepare a 1.5% hydrogen peroxide (vol/vol) solution. Directly add 4 µL of the solution to the

embryos from the preceding step and incubate for 30 min at RT on a rotating wheel.
77 Rinse the embryos twice with 1 mL of PBT. Wash the embryos three times with 1 mL of PBT and

incubate for 5 min at RT on a rotating wheel.

j PAUSE POINT RNA-labeled embryos can be stored for weeks at 4 °C before proceeding to DNA
labeling or imaging.

DNA in situ hybridization ● Timing 1.5 d
78 Transfer ~30 µL of embryos from either Step 50 or Step 77 to a 1.5-mL tube.

c CRITICAL STEP Use a glass Pasteur pipette to prevent the embryos from sticking to the pipette.
79 Rehydrate the fixed embryos by incubating them sequentially with 1 mL of each of the following

solutions: (i) 90% methanol, 10% PBT; (ii) 70% methanol, 30% PBT; (iii) 50% methanol, 50% PBT;
(iv) 30% methanol, 70% PBT; (v) 100% PBT. Incubate for 3–5 min at RT on a rotating wheel for
each step.

c CRITICAL STEP If the embryos are RNA labeled, omit Step 79.
80 Incubate the embryos with 1 mL of PBT, 100 µg/mL RNase for 2 h at RT or ON at 4 °C on a

rotating wheel.
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81 Permeabilize the embryos by incubating them with PBS-Tr for 1 h at RT on a rotating wheel.
82 Transfer the embryos to pHM by passing them through 1 mL of each of the following freshly made

solutions: (i) 80% PBS-Tr, 20% pHM; (ii) 50% PBS-Tr, 50% pHM; (iii) 20% PBS-Tr, 80% pHM; (iv)
100% pHM. Incubate for 20 min at RT on a rotating wheel for each step.

c CRITICAL STEP Before exchanging solutions, allow the embryos to settle for 2–3 min.
83 Prepare the primary DNA probe by adding 45–225 pmol of Oligopaints probe (barcode oligos)

from Step 37 to 25 µL of DHS. Keep the mix on ice. Denature the primary DNA probe by
incubation for 15 min at 80 °C in the thermal mixer without mixing.

c CRITICAL STEP The amount of probe used should be tested by quantifying the efficiency of
labeling at increasing concentrations of the DNA probe.

84 Carefully remove the pHM solution from the embryo tube and discard it; then add 1 mL of fresh
pHM. Denature the embryonic DNA by incubation for 15 min at 80 °C in a water bath.

85 Carefully remove the pHM solution from the embryo tube and discard it; then add 30 µL of the
denatured probes from Step 83. Mix by gently flicking the tube with a finger. Carefully add 40 µL of
mineral oil. Change the water bath temperature to 37 °C and incubate the embryos ON at 37 °C in
the water bath.

c CRITICAL STEP Mineral oil layer is added on top to prevent evaporation.

c CRITICAL STEP Allowing the embryos to slowly cool from 80 °C to 37 °C in the water bath
greatly increases efficiency of labeling.

86 Use a P20 pipette to carefully remove as much mineral oil as possible from the tube.

c CRITICAL STEP Residual oil markedly affects embryo attachment to coverslips and interferes
with image acquisition.

87 Add 500 μl of 50% (vol/vol) formamide, 2× SSC, 0.3% (wt/vol) CHAPS to the embryos tube and
mix by inverting the tube 3–5 times; wait 30 s for the embryos to reach the bottom of the tube.
Carefully remove the supernatant and discard it.

c CRITICAL STEP This helps to immediately remove the mineral oil after hybridization. If the
quantity of remaining oil is too big, this step will not be enough to prevent subsequent issues of
attachment and image acquisition.

88 Perform post-hybridization washes by passing the embryos through 1mL of each of the following
freshly made solutions: (i) 50% (vol/vol) formamide, 2× SSC, 0.3% (wt/vol) CHAPS; repeat this
wash once; (ii) 40% (vol/vol) formamide, 2× SSC, 0.3% (wt/vol) CHAPS; (iii) 30% formamide,
70% PBT; (iv) 20% formamide, 80% PBT; (v) 10% formamide, 90% PBT; (vi) 100% PBT; (vii) 100%
PBS-Tr. Perform washes (i–iv) for 20 min at 37 °C in a thermal mixer with agitation (800 to
900 r.p.m.); perform washes (v–vii) for 20 min at RT on a rotating wheel.

89 (Optional) Rinse the embryos with 1 mL of PBT. Crosslink the barcode oligos by incubating the
embryos with 1 mL of 4% (wt/vol) paraformaldehyde in PBT for 30 min at RT on a rotating wheel.

c CRITICAL STEP Although optional, in our experience, crosslinking the primary library has
improved the labeling efficiency.

90 Rinse the embryos with 1 mL of PBT. Incubate the embryos with the rhodamine-labeled DNA oligo
(fiducial barcode readout probe) in 1 mL of hybridization buffer (25 nM readout probe solution,
2× SSC, 40% vol/vol formamide; Reagent Setup) for 30 min at RT on a rotating wheel.

c CRITICAL STEP The rhodamine-labeled probe is used for the fiducial barcode. Protect samples
from light exposure from this point onward.

91 (Optional) Perform an additional crosslinking step as in Step 89.
92 Rinse the embryos with 1 mL of PBT. Incubate the embryos with DAPI for 20 min at RT on a rotating

wheel. Afterward, remove and discard the DAPI and rinse the embryos three times with 1 mL of PBS.

c CRITICAL STEP Detergent-containing PBT can prevent the embryos from attaching to
the coverslip.

j PAUSE POINT DNA-labeled embryos can be stored for weeks at 4 °C before proceeding to
mounting and imaging.

Attachment of embryos to the microfluidic chamber ● Timing 1 h
93 Wash a coverslip sequentially with acetone, ethanol and water and dry it with a flame from a

Bunsen burner, with the air valve nearly closed, by smoothly passing the coverslip over the flame
three or four times. Place the dry coverslip into a 35-mm plastic dish.

c CRITICAL STEP Excessive heating of the coverslip with the flame may deform it and may affect
imaging and sealing of the sample within the microfluidic chamber.
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94 Add 1 mL of poly-L-lysine solution (1:10 dilution in ddH2O) to the coverslip and incubate for 20 min at
RT. Steps for embryo attachment are shown in Fig. 5a. Afterward, rinse the coverslip with ddH2O.

95 Dry the coverslip with a paper tissue. Thoroughly dry the coverslip using compressed air for
10–15 s.

c CRITICAL STEP The embryos will not attach if coverslip is not completely dry.
96 Cut a piece of agarose and put it under the binocular microscope. Transfer 20–30 embryos to the

agarose pad.

c CRITICAL STEP Use a glass Pasteur pipette for the transfer.
97 Use metal tweezers to align the embryos while looking through the binocular microscope. It might

be necessary to wait for a few minutes for the excess PBS to evaporate, which facilitates visualization
and the movement of embryos over the agarose pad.

c CRITICAL STEP Alignment will greatly facilitate finding the embryos in the microscope field of
view when defining ROIs. Be gentle when touching and moving the embryos with the tweezers;
otherwise, the embryos could break.

98 Dry the embryos with a paper tissue to absorb the surrounding liquid.

c CRITICAL STEP The embryos will not attach if there is an excess of liquid. If necessary, wait a few
minutes for the liquid to evaporate.

99 Attach the embryos to a poly-L-lysine-coated coverslip by gently pressing the coverslip against the
agarose pad.

c CRITICAL STEP Press gently for a few seconds to ensure attachment.
100 Put the coverslip into a 35-mm plastic dish, with embryos facing up, and fill it with PBS until ready

for chamber assembly
? TROUBLESHOOTING

Hi-M data acquisition ● Timing ~1–1.5 h per barcode

c CRITICAL Experiments are performed on a homemade wide-field epifluorescence microscope
coupled to a microfluidic device (Fig. 7) according to the flowchart found in Fig. 8.
101 Wash all the microfluidic tubing with ddH2O first and then with filtered 2× SCC.

c CRITICAL STEP The microfluidic tubing should remain filled with 50% (vol/vol) ethanol between
experiments, which prevents bacterial growth and, at the same time, facilitates air bubble removal.

c CRITICAL STEP Check that, by applying a defined pressure in all valves, the obtained flow rate is
constant to confirm the absence of clogging. Typical values for the flow rate range between 100 and
150 µL/min at 5-mBar pressure.

Mount the sample in the
microfluidic chamber

Acquire bright-field images

Mount chamber in the
microscope

Select ROIs

Define buffers and recognition/imaging
oligo injection valves

Select the starting z pointz
and check autofocus

Acquire DAPI & RNA signals
and fiducial barcode

Start sequential acquisition

Inject imaging oligos

Inject Hi-M wash buffer

Inject Hi-M acquisition solution

Inject 2× SSC buffer

Acquire barcode and fiducial

Barcode-bleaching step

Inject 2× SSC buffer

Fig. 8 | Hi-M image acquisition flowchart. Left, sequence of steps required for sample mounting, microscope setup
and DAPI/RNA signal acquisition (violet boxes). Right, sequence of steps needed for the sequential barcode
acquisition (yellow boxes).
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102 Open the microfluidic chamber by unscrewing it. Carefully remove the glass coverslip from the
chamber. Steps for chamber assembly are shown in Fig. 5b.

103 Remove the plastic spacer and dry it thoroughly with a paper tissue.

c CRITICAL STEP Dry the whole microfluidic chamber as much as possible.
104 Put back the dried spacer and mount the coverslip with the attached embryos.
105 Screw the chamber into the microscope stage.
106 Fill the chamber with 2× SSC by slowly aspirating the buffer with a 10-mL syringe.

c CRITICAL STEP If the pressure exerted at this stage is too high, the embryos may detach. At the
time of the filling, keep the chamber oriented upward to prevent air retention.
? TROUBLESHOOTING

107 Connect all tubing with the corresponding solution and note the respective Hamilton valve
numbers.

108 Put a small drop of oil onto the 60× objective and focus on the coverslip surface. Locate the
embryos using bright-field imaging.

c CRITICAL STEP Check whether the embryos are properly attached. Embryo borders will appear
out of focus when embryos are detaching.
? TROUBLESHOOTING

109 Select the ROIs by checking the DAPI-stained nuclei.

c CRITICAL STEP Select embryos on the basis of the developmental stage in which you are
interested. Check for RNA expression pattern, because it might depend on the orientation of each
particular embryo. Be brief (a few seconds) when checking to avoid photobleaching of RNA signal.

110 Check the autofocus and select the starting point for the z stacks. Select the total number of planes
to ensure acquisition of the full embryo in the axial direction.

111 Acquire bright-field images for all ROIs.
112 Acquire DAPI, RNA and fiducial barcode channels. Normally, 3D images of embryos are acquired

with a 250-nm z-step size, spanning a 15-μm depth. Typical acquisition parameters are laser power
at 15% of output power for the 405-nm (50 mW) and 488-nm lasers (50 mW), and at 60% of
output power for the 561-nm laser (50 mW), with exposure time set to 50 ms. These acquisition
settings may need to be modified depending on the sample.
? TROUBLESHOOTING

113 In the LabView software, set the injection procedure for the sequential imaging steps as follows:

Step Solution Volume (mL) Flow Rate (mL/min)

1 Readout probe 1.8 0.15

2 Hi-M wash 1.5 0.2

3 2× SSC 1.5 0.2

4 Hi-M acquisition solution 0.8 0.15

c CRITICAL STEP Keep the flow rate <0.3 mL/min. The embryos can detach from the coverslip
with a higher flow rate.

c CRITICAL STEP Allow for pressure stabilization before starting imaging.
114 Stop the flow by setting the pressure to 0 mBar and switching the position of the two-way valve,

closing the fluidics system (this is automatically done by the LabView software). Image the barcode
and fiducial channels. Typical acquisition parameters are laser power at 60% of output power for
the 561-nm (50 mW) and 640-nm (100 mW) lasers, exposure time set to 50 ms. These acquisition
settings may need to be modified depending on the sample.
? TROUBLESHOOTING

115 Remove the fluorescence signal by following one of the two alternatives below:
(A) Chemical bleaching

(i) Inject 1.0 mL of chemical bleaching solution at a flow rate of 0.2 mL/min.
(ii) Inject 1.5 mL of 2× SCC at a flow rate of 0.2 mL/min.

(B) Photobleaching
(i) Inject 1.5 mL of 2× SCC at a flow rate of 0.2 mL/min to remove Hi-M acquisition solution.
(ii) Proceed to photobleaching using 100% of the laser power for 6–10 s in each ROI. See

‘Experimental design’ section for further information.
116 Repeat Steps 113–115 for all the barcodes (Fig. 6).
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Hi-M data analysis ● Timing 0.5 day per embryo

c CRITICAL Multiple types of software can be used to implement image segmentation. Here, we provide
a typical script in MATLAB format. A flowchart of the procedure can be found on Fig. 9.
117 Deconvolve the 3D-acquired wide-field epifluorescence images using the Huygens deconvolution

software.

Parameter Value

x/y pixel size 0.098 nm

z step 250 nm

Numerical aperture 1.2

Medium refractive index 1.338 (water)

Lens refractive index 1.338

c CRITICAL STEP Specify the correct parameter values for deconvolution, such as pixel size,
numerical aperture of the objective, excitation and emission wavelengths, and refractive index of
medium. Typical parameters used are detailed in the following table.
? TROUBLESHOOTING

118 Organize the deconvolved stacks to include in one folder all the ROIs corresponding to
one embryo.

Deconvolution of images

Segmentation of nuclei Dilation of nuclei

Drift-correction quality check

Assessment of quality of results

Fitting of 3D Gaussian on
pre-segmented spots

Fitting of 3D Gaussian on
pre-segmented spots

Segmentation of barcode spots
from hybridization cycles

Calculate drift from fiducial
barcode

Alignment of barcodes spots from
hybridization cycles

Segmentation of RNA signal

Creation of ‘Results’ structure

Segmentation of fiducial barcode spots
from hybridization cycles

Segmentation of fiducial barcode spots
from DAPI cycle

Saving of workspace

Assignment of detected readouts
to the segmented nuclei

Fig. 9 | Hi-M image analysis flowchart. Sequence of steps required for image analysis (spot detection and
registration). Violet boxes indicate key steps; yellow boxes indicate refinement of obtained masks (either by dilating
the nuclei mask or by 3D Gaussian fitting of barcode positions); and boxes indicate quality-check steps.
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c CRITICAL STEP Include in this folder the .inf files that contain the parameters needed for the
analysis. They are provided with the analysis pipeline.

119 Launch MATLAB and load the provided homemade script, named ‘merfish_main.m’ (which can be
found at http://dx.doi.org/10.17632/5f5hd9yj3z.1#folder-26d1f8c0-fc58-4b87-8c4f-cd8fa294a555).
The script is written in a modular way; the user must sequentially execute (using ‘Control’ +
‘Enter’) the different steps that are described from this point onward. Specify the folder in which the
ROIs are located in the destDir line.

120 Launch the GUI by running the ‘GUI to segment DAPI masks’ block of code (Fig. 10).
121 Click on ‘Read new ROI’, wait for the program to load the image and then click on ‘Process’.

c CRITICAL STEP Select the starting and end planes to be read in the ‘ImageSettings’ square. If the
‘autoPlanes’ box in the ‘Options’ square is marked, it loads only the number of planes above and
below the most intense plane, defined by the ‘zWindow’ box, in the ‘ImageSettings’ square.

c CRITICAL STEP If you have GPUs available for processing, tick the ‘GPU’ box in the ‘Options’
square. This will considerably reduce processing time.

122 Segment the nuclei. Adjust the ‘Segmentation’ parameters and click on ‘Resegment’. A visual output
will be displayed, showing each segmented nucleus as a mask of a different color (Fig. 10).

c CRITICAL STEP Optimize the parameters in an iterative manner by visually inspecting the
segmentation output (Fig. 10c) in order to correctly segment the nuclei. For our data, the typical
values used are ‘Threshold’: 0.9–1.1 (with ‘relative threshold’ box ticked); ‘# Voxels’: 400–5,000;
‘extent’: 0.2–1, ‘equivDiameter’: 15–100. Use the histograms on the GUI to discard outliers.

c CRITICAL STEP By ticking on the ‘watershed’ box, the segmentation is greatly improved.
? TROUBLESHOOTING

123 (Optional) Owing to border effects (e.g., dirty spots outside the embryo or high-intensity regions
near the border of the image that are due to deconvolution effects), it may be necessary to define a
polygon around the embryo in order to discard regions outside. To do so, tick ‘ROI_loc’ and click
on ‘Resegment’. A pop-up window will appear, allowing you to manually select the polygon. Click
once to define the vertices of the polygon. You can use the ‘backspace’ key to delete the last vertex.
Double-click once you are done with the selection.

124 Repeat Steps 121–123 for all ROIs for the embryo (typically 2–4 ROIs). Change the selected ROI by
changing the ‘nROI’ bar (Fig. 10b). This whole process can also be performed in batch. In this
mode, all ROIs are processed without user input, using the set of parameters provided in the GUI.

c CRITICAL STEP Even when performing batch processing, we recommend manually exploring the
segmentation results for each ROI after segmentation.

125 Click on the ‘save data’ button and close the GUI window.

c CRITICAL STEP If ‘save data’ is not clicked, the segmented data will be lost.
126 (Optional) Dilate DAPI masks by running the corresponding block named ‘Function to dilate

DAPI masks’.
127 Launch the spot-detection GUI to segment the fiducial barcodes corresponding to the first

acquisition cycle. Follow the procedure as in Steps 121–123 for each ROI, only this time execute the
‘GUI to segment internal marks DAPI’ block. For historical reasons, barcodes are called ‘RTs’ in the
program.

c CRITICAL STEP Change the contrast in the ‘ImageSettings’ square to correctly visualize the spots.
A typical contrast range is between 0.1 and 0.999.

c CRITICAL STEP Optimize the parameters in an iterative manner by visually inspecting the
selection of spots (Fig. 10d) to segment all spots. A blue circle will be created around each detected
spot in the raw image. Zoom in as needed. For our data, the typical values used are ‘Threshold’:
1.5–4 (with the ‘relative threshold’ box unticked); ‘# Voxels’: 5–1,000; ‘extent’: 0.2–1, and
‘equivDiameter’: 1–50.
? TROUBLESHOOTING

128 Fit the detections performed in the preceding step using 3D Gaussian fitting, using the ‘Refits RTs
using 3D gaussian fitting’ block.

129 Launch the spot-detection GUI to segment the readouts for all cycles. Follow the procedure as in
Steps 121–123 for each ROI. It is possible to use ‘batch processing’ (see next step). For our data, the
typical values used are ‘Threshold’: 1.8–5 (with the ‘relative threshold’ box unticked); ‘# Voxels’:
5–1,000; ‘extent’: 0.2–1, and ‘equivDiameter’: 1–50.
? TROUBLESHOOTING

130 (Optional) Once the parameters are determined for a particular ROI, you can automatically
segment all ROIs by clicking on ‘batch processing’ and unticking the ‘batchSingleROI’ box in the
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‘options’ section of the GUI. Furthermore, by ticking on the ‘Iterate’ box on the ‘segmentation’
square before clicking ‘batch processing’, the program can automatically iterate to find the most
suitable parameters for each ROI (Fig. 10a). The ‘targetObjects’ value is the expected number of
spots to detect, with a ‘tolerance’ indicating the allowed range in percentages. ‘Alpha’ is a factor by
which it will change the threshold in each iteration, considering the difference between the
segmented objects and ‘targetObjects’. Its standard value is 0.001. ‘maxIterations’ is the maximal
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number of iterations it will perform, even if it does not reach the expected number of objects, before
going to the next ROI.

c CRITICAL STEP Tick the ‘batchSingleROI’ box and untick ‘bachSingleRT’ in the ‘options’ square
to process all readouts for the same ROI.

131 Use the spot-detection GUI to segment the fiducial barcodes in all hybridization cycles, following
the procedure from Steps 121–123. It is possible to use ‘batch processing’ as in the preceding step.
? TROUBLESHOOTING

c CRITICAL STEP It is necessary to segment each barcode for each ROI. Remember to click on the
‘save data’ button before closing the GUI window.

132 Fit the detections performed in the preceding step using a 3D Gaussian fitting by running the ‘Refits
RTs using 3D gaussian fitting’ block.

133 Calculate the drift along the cycles by running the ‘Correct drift using internal marker’ block. It
cross-correlates fiducial barcode spots with the ones from the reference cycle (the first hybridization
cycle) to obtain a correction vector.

c CRITICAL STEP Select the fiducial barcode of the first cycle as reference, by changing the value of
the ‘referenceRT’ variable. Because the injection sequence is defined by the user, it could be that in
the first hybridization cycle, readout probe 8 was injected. In that case, the example code is
referenceRT=8;.

134 Assess the quality of drift correction by running the ‘Benchmarks drift correction quality’
block (Fig. 10f).
? TROUBLESHOOTING

135 Align the barcode spots from all hybridization cycles by running the block named ‘Aligns beads
from DAPI and MERFISH experiments’. It uses the correction vector from the fiducial barcode
spots closest to the barcode to perform alignment.

136 Segment the RNA signal by running the ‘Segments RNA’ block. A pop-up window will
appear, allowing you to manually select the polygon. Click once to define the vertices
of the polygon. If needed, use the ‘backspace’ key to delete the last vertex. Double-click once
done with the selection.

137 Build the results structure by running the block named ‘Builds results structure with RTMatrix and
other data’.

138 Control how successful the clustering of spots in single nuclei was by running the ‘Assesses results
quality’ block. A high percentage (>80%) of clustered barcode spots is expected.
? TROUBLESHOOTING

139 Assign detected readouts to the segmented nuclei and build the CellID structure by running the
‘Finds RTs for each Cell mask in each ROI’ block.

140 Save the segmented data by saving the MATLAB workspace.
141 Launch the merfish_cellID_analysis_v4.m analysis software in MATLAB. The script is provided in

the analysis suite and is written in a modular way; a user must sequentially execute (‘Control’ +
‘Enter’) the different steps that are described from this point onward. Place the files obtained in the
preceding step in a folder and add the folder path to the data path in the program, using the
following command as an example:

datapath='/your-path-to-the-data/data';Then, in the dataFiles variable,
choose the files to analyze (obtained in Step 140), for example:

dataFiles= {'Matlab_file_name.mat'}

142 Load the datasets by running the first section, named ‘Loads codebook’.

c CRITICAL STEP In this section, load the paths that contain the genomic coordinates of the
readout probes used in the data acquisition.

143 Set the parameters by running the ‘Sets parameters’ section. They are defined by default but can be
adapted for each experiment.

c CRITICAL STEP Choose the correct value for the p.process variable (‘RNAon’, ‘RNAoff’ or
‘none’), depending on whether nuclei that contain RNA staining are to be analyzed separately from
those that do not (‘RNAon’ and ‘RNAoff’, respectively). By choosing the value ‘none’, the two types
of nuclei will be processed together.
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144 Run the ‘Distribution in the number of RTs detected per cell’ and ‘Loops over cells and detects
clusters’ sections. These will group barcodes in clusters.

145 Order readouts according to their genomic positions, by running the dedicated section named
‘orders the list of RTs used in the experiment according to their genomic position’. This will allow
you to assign the correct genomic coordinates to each barcode, as well as enabling subsequent
construction of distance matrices.

146 Run the ‘Populates distanceMatrix’ section. Then run the ‘Calculates mean distance matrix and
contact probability matrix from distanceMatrix structure’ section.

147 Plot genomic distances versus mean physical distances, using the corresponding block named
‘Genomic distance versus mean physical distance’.

148 Plot contact probability versus genomic distance by running the corresponding block, named
‘contact probability versus genomic distance’.

149 Plot the normalized distance matrix and normalized contact probability matrix by running ‘Plots
the normalised distance matrix and normalised contact probability matrices’ section.

Troubleshooting

Troubleshooting advice can be found in Table 1.

Table 1 | Troubleshooting table

Step Problem Possible reason Solution

16,22 Nonspecific bands appear during
PCR amplification

Mis-priming due to over-
amplification

Reduce the number of cycles. Run a small-scale PCR
to define the optimal number
Increase temperature of annealing
Perform a Mg++ curve to find the right
concentration. The range of MgCl2 usually is from
0.5 to 4 mM in 0.25 mM increments
For GC-rich (>65% GC content) samples, adding a
final concentration of 5% (vol/vol) DMSO to the
mixture might help

26 RNA is degraded or absent RNA degradation Maintain RNase-free conditions

100,106,108 Embryos detach from chamber Embryos have remaining oil Carefully remove all the oil after the ON incubation
with the primary probe. Be sure that embryos are
stored in PBS

Embryos or coverslip were too wet Dry with paper tissue around the embryos or wait a
few minutes until the buffer evaporates

Coverslip coating is not effective Keep the coverslip at a distance when drying with
the flame. Otherwise, the coverslip can deform and
poly-L-lysine will not adhere properly

Flow rate/pressure was too high Make sure to check flow rates for all the valves being
used before starting the experiment. Wash valves
that are not optimal with filtered water to
unclog them

112 Autofluorescence is too high (i.e.,
fluorescence levels are high and
homogeneous along the whole field
of view)

Paraformaldehyde used for fixation
was not methanol free

Collect and fix new embryos using methanol-free
paraformaldehyde

Wash steps were not effective Label new embryos, carefully following the
washing steps

No RNA signal RNA degradation Ensure RNase-free conditions

RNA probe degradation Control temperature and time very precisely when
denaturing the probe. Do not denature
reused probes

Embryo is not well oriented Orientation on the coverslip is random, which can be
limiting when RNA expression has a spatial pattern.
Use more embryos to increase the chance of finding
them in the desired position. Alternatively, try to
orient them (ventral/dorsal) before attaching them
to the coverslip

RNA is not expressed Check the developmental time of the selected
embryos

Table continued
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Table 1 (continued)

Step Problem Possible reason Solution

Bright spots in the field of view Coverslip was not properly cleaned Prepare a new coverslip, cleaning it thoroughly with
acetone. Use 70% (vol/vol) ethanol/ddH2O to rinse
it before drying it in the flame

No DAPI signal Formamide washes away DAPI Acquire DAPI before incubating with hybridization
solution

112,114 Autofocus is lost Embryos are too far from each other
on the coverslip

When defining the ROIs, avoid selecting
consecutively very distant embryos.

Light scattering due to additional
reflection of the 785-nm laser
(autofocus line) on the embryo

For each embryo, define a nearby reference ROI
where the autofocus signal is not affected.

114 No barcode spots Secondary oligos are degraded or
are not the correct ones

Check for the sequences used in both primary and
secondary oligos

Fluorescent signal bleaches (for
example, detections in fiducial
barcode channel disappear in fewer
than 10 cycles)

Exposure time was too long and/or
the laser power was too high; the
number of planes was too large

Optimize parameters in a control experiment

Hi-M acquisition solution is no
longer active

Hi-M acquisition solution should be stored under a
protective layer of mineral oil and changed to a
freshly prepared one every 12–15 h

Pressure is too high (>20 mBar) or
flow rate is too low (<100 µL/min)

Air bubble in the system Between experiments, wash the system with 50%
ethanol. This would facilitate bubble removal and
prevent bacterial growth at the same time.
Before starting the injection procedure, pass 2× SCC
through each valve and check that the flow rate
is stable

Dirt or salt deposits in the system Filter all solutions before injecting them. Wash the
system with filtered water to remove anything that
may disturb the flow

Fluorescent spots after
bleaching step

The selected bleaching strategy is
not effective

Choice of bleaching strategy will depend on factors
such as number of ROIs, probes per barcode and
experimental model. Optimization is needed

117 Deconvolution artifacts (e.g., spots
are elongated in the deconvolved
image but not in the original one)

Deconvolution parameters were not
optimal

Check the excitation and emission wavelengths.
Check pixel size and z step used

122 Nuclei are segmented incorrectly Threshold parameters are not
optimal

Increase threshold value over 1.
Extend bounds for number of voxels

127 Detection algorithm under/
overcounts barcode spots

Threshold parameters are not
optimized

Manually adjust the parameters interactively. Use
the zoom to visualize the spots

Background is too high or SNR is
below 3

Deconvolution can greatly increase SNR ratio

There are several false detections Increase threshold
Change eccentricity upper bound to 0.8–0.9, until
spurious detections are filtered

127,129,131 Low spot detection Efficiency of labeling is low FISH conditions should be optimized. For example,
different probe concentrations, hybridization
temperatures or times could be tested

The z range is too small to capture
the entire layer of cells of
the embryo

Use DAPI staining to correctly define the stack size

134 Drift correction is not good enough Fiducial barcode was photobleached
during acquisition cycles

Make sure Hi-M acquisition solution is stored under
a mineral oil layer and renewed every ~12 h
Imaging steps should be optimized, by reducing laser
power or acquisition time
Fiducial barcode should be designed to have a higher
number of oligos (150–300)

Spot-detection parameters are not
well defined, leading to over/
undercounting

Resegment the fiducial barcode using optimized
parameters. Use visual inspection to ensure
parameters are optimized

138 Barcode spot clustering is low
(20–70%)

Barcode segmentation was not
efficient

Resegment barcodes, using optimized parameters.
Use visual inspection to ensure parameters are
optimized, and make sure there are no false
detections

PROTOCOL NATURE PROTOCOLS

872 NATURE PROTOCOLS | VOL 15 |MARCH 2020 | 840–876 |www.nature.com/nprot



Timing

Steps 1–7, design of Oligopaints libraries: 4–5 h
Steps 8–39, amplification of Oligopaints: 4–5 d
Steps 40–50, embryo collection and fixation: 2–3 h
Steps 51–77, (optional) RNA in situ hybridization: 2.5 d
Steps 78–92, DNA in situ hybridization: 1.5 d
Steps 93–100, attachment of embryos: 1 h
Steps 101–116, Hi-M data acquisition: ~1–1.5 h per barcode for 25 ROIs
Steps 117–149, Hi-M data analysis: 0.5 day per embryo (typically 3 or 4 ROIs)

Anticipated results

This protocol provides a detailed description of the steps required to design Oligopaints probes; stain
and image RNA and DNA simultaneously; and segment nuclei, RNA and multiple barcodes in
thousands of cells in an intact Drosophila embryo.

A typical set of results is shown in Fig. 11. It consists of matrices of pairwise absolute contact
probability, pairwise distance maps, and ratios between standard deviation and mean pairwise dis-
tances. Each matrix provides rich and complementary information regarding chromatin architecture
at the TAD level as a function of RNA expression. The absolute contact probability matrix reveals the
true probability of interaction between different genomic loci, as well as intra- and inter-TAD
contacts for different transcriptional states. By contrast, the normalized distance matrix measures the
local changes in spatial organization with respect to what would be expected from the average
behavior. These can be used to detect that chromatin is preferentially condensed within TADs and
decondensed at TAD borders. Finally, the standard deviation matrix reveals the heterogeneity
between cells for each transcriptional state, reflecting the variations in chromatin folding between
different cells. Taken together, in the set of results displayed in Fig. 11, one can clearly observe the
changes in chromosome organization upon transcriptional activation.
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Fig. 11 | Hi-M output. a, Hi-M absolute contact probability maps for the region 2L:15.250–15.650 Mb from Drosophila embryo nuclei expressing (‘On’,
top) or not expressing (‘Off’, bottom) snail RNA. The absolute contact probability was estimated as described previously42. The colors indicate
absolute contact probability as indicated in the scale on the right. b, Hi-M normalized mean physical distance map from nuclei expressing (‘On’, top) or
not expressing (‘Off’, bottom) the target RNA. Normalization is achieved by subtracting expected from observed distances. The expected distance was
obtained by fitting a physical versus genomic distance curve3. The color scale indicates distances lower (magenta) or higher (cyan) than expected.
Normalized distances are shown in nanometers, as indicated in the scale on the right. c, Hi-M ratio between standard deviation and mean pairwise
distances from nuclei expressing (‘on’, top) or not expressing (‘off’, bottom) the target RNA. The color scale ranges from 0.5 (blue) to 0 (white), to 1.5
(red). a–c adapted with permission from ref. 3, Elsevier.
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Reporting Summary
Further information on research design is available in the Nature Research Reporting Summary
linked to this article.

Data and code availability
The code used and described in this paper and the experimental dataset used to construct Fig. 11 have
been uploaded to https://doi.org/10.17632/5f5hd9yj3z.1#folder-26d1f8c0-fc58-4b87-8c4f-cd8a294a
555Software. Additional advice on how to use these can be obtained from the authors upon rea-
sonable request. Further information and requests for resources, reagents and software should be
directed to and will be fulfilled by the lead contact, M.N. (marcelo.nollmann@cbs.cnrs.fr).

References

1. Bonev, B. & Cavalli, G. Organization and function of the 3D genome. Nat. Rev. Genet. 17, 661–678 (2016).
erratum 17, 772 (2016).

2. Giorgetti, L. & Heard, E. Closing the loop: 3C versus DNA FISH. Genome Biol. 17, 215 (2016).
3. Cardozo Gizzi, A. M. et al. Microscopy-based chromosome conformation capture enables

simultaneous visualization of genome organization and transcription in intact organisms. Mol. Cell 74,
212–222.e5 (2019).

4. Bintu, B. et al. Super-resolution chromatin tracing reveals domains and cooperative interactions in single
cells. Science 362, aau1783 (2018).

5. Nir, G. et al. Walking along chromosomes with super-resolution imaging, contact maps, and integrative
modeling. PLoS Genet. 14, e1007872 (2018).

6. Mateo, L. J. et al. Visualizing DNA folding and RNA in embryos at single-cell resolution. Nature 568,
49–54 (2019).

7. Beliveau, B. J. et al. Versatile design and synthesis platform for visualizing genomes with Oligopaint FISH
probes. Proc. Natl Acad. Sci. USA 109, 21301–21306 (2012).

8. Beliveau, B. J. et al. Single-molecule super-resolution imaging of chromosomes and in situ haplotype
visualization using Oligopaint FISH probes. Nat. Commun. 6, 7147 (2015).

9. Lubeck, E., Coskun, A. F., Zhiyentayev, T., Ahmad, M. & Cai, L. Single-cell in situ RNA profiling by
sequential hybridization. Nat. Methods 11, 360–361 (2014).

10. Chen, K. H., Boettiger, A. N., Moffitt, J. R., Wang, S. & Zhuang, X. RNA imaging. Spatially resolved, highly
multiplexed RNA profiling in single cells. Science 348, aaa6090 (2015).

11. Moffitt, J. R. et al. Molecular, spatial, and functional single-cell profiling of the hypothalamic preoptic region.
Science 362, aau5324 (2018).

12. Moffitt, J. R. et al. High-performance multiplexed fluorescence in situ hybridization in culture and tissue with
matrix imprinting and clearing. Proc. Natl Acad. Sci. USA 113, 14456–14461 (2016).

13. Rosin, L. F., Nguyen, S. C. & Joyce, E. F. Condensin II drives large-scale folding and spatial partitioning of
interphase chromosomes in Drosophila nuclei. PLoS Genet. 14, e1007393 (2018).

14. Kishi, J. Y., Beliveau, B. J., Lapan, S. W., West, E. R. & Zhu, A. SABER enables highly multiplexed and
amplified detection of DNA and RNA in cells and tissues. bioRxiv (2018).

15. Fields, B. D., Nguyen, S. C., Nir, G. & Kennedy, S. A multiplexed DNA FISH strategy for assessing genome
architecture in Caenorhabditis elegans. Elife 8, e42823 (2019).

16. Pallikkuth, S. et al. Sequential super-resolution imaging using DNA strand displacement. PLoS One 13,
e0203291 (2018).

17. Roohi, J., Cammer, M., Montagna, C. & Hatchwell, E. An improved method for generating BAC DNA
suitable for FISH. Cytogenet. Genome Res. 121, 7–9 (2008).

18. Bienko, M. et al. A versatile genome-scale PCR-based pipeline for high-definition DNA FISH. Nat. Methods
10, 122–124 (2013).

19. Wang, S. et al. Spatial organization of chromatin domains and compartments in single chromosomes. Science
353, 598–602 (2016).

20. Shah, S. et al. Dynamics and spatial genomics of the nascent transcriptome by intron seqFISH. Cell 174,
363–376.e16 (2018).

21. Eng, C.-H. L., Shah, S., Thomassie, J. & Cai, L. Profiling the transcriptome with RNA SPOTs. Nat. Methods
14, 1153–1155 (2017).

22. Wu, X., Mao, S., Ying, Y., Krueger, C. J. & Chen, A. K. Progress and challenges for live-cell
imaging of genomic loci using CRISPR-based platforms. Genomics Proteomics Bioinformatics 17,
119–128 (2019).

23. Ma, H. et al. Multiplexed labeling of genomic loci with dCas9 and engineered sgRNAs using CRISPRainbow.
Nat. Biotechnol. 34, 528–530 (2016).

24. Germier, T. et al. Real-time imaging of a single gene teveals transcription-initiated local confinement.
Biophys. J. 113, 1383–1394 (2017).

25. Chen, H. et al. Dynamic interplay between enhancer–promoter topology and gene activity. Nat. Genet. 50,
1296–1303 (2018).

PROTOCOL NATURE PROTOCOLS

874 NATURE PROTOCOLS | VOL 15 |MARCH 2020 | 840–876 |www.nature.com/nprot



26. Yunger, S., Rosenfeld, L., Garini, Y. & Shav-Tal, Y. Single-allele analysis of transcription kinetics in living
mammalian cells. Nat. Methods 7, 631–653 (2010).

27. Larson, D. R., Zenklusen, D., Wu, B., Chao, J. A. & Singer, R. H. Real-time observation of transcription
initiation and elongation on an endogenous yeast gene. Science 332, 475–478 (2011).

28. Fukaya, T., Lim, B. & Levine, M. Enhancer control of transcriptional bursting. Cell 166, 358–368 (2016).
29. Saad, H. et al. DNA dynamics during early double-strand break processing revealed by non-intrusive imaging

of living cells. PLoS Genet. 10, e1004187 (2014).
30. Boyle, S., Rodesch, M. J., Halvensleben, H. A., Jeddeloh, J. A. & Bickmore, W. A. Fluorescence in situ

hybridization with high-complexity repeat-free oligonucleotide probes generated by massively parallel
synthesis. Chromosome Res. 19, 901–909 (2011).

31. Rouillard, J.-M., Zuker, M. & Gulari, E. OligoArray 2.0: design of oligonucleotide probes for DNA micro-
arrays using a thermodynamic approach. Nucleic Acids Res 31, 3057–3062 (2003).

32. Gelali, E. et al. iFISH is a publically available resource enabling versatile DNA FISH to study genome
architecture. Nat. Commun. 10, 1636 (2019).

33. Beliveau, B. J. et al. OligoMiner provides a rapid, flexible environment for the design of genome-scale
oligonucleotide in situ hybridization probes. Proc. Natl Acad. Sci. USA 115, E2183–E2192 (2018).

34. Raj, A., van den Bogaard, P., Rifkin, S. A., van Oudenaarden, A. & Tyagi, S. Imaging individual mRNA
molecules using multiple singly labeled probes. Nat. Methods 5, 877–879 (2008).

35. Moffitt, J. R. & Zhuang, X. RNA imaging with multiplexed error-robust fluorescence in situ hybridization
(MERFISH). Methods Enzymol. 572, 1–49 (2016).

36. Trcek, T., Lionnet, T., Shroff, H. & Lehmann, R. mRNA quantification using single-molecule FISH in
Drosophila embryos. Nat. Protoc. 12, 1326–1348 (2017).

37. Shpiz, S., Lavrov, S. & Kalmykova, A. Combined RNA/DNA fluorescence in situ hybridization on whole-
mount Drosophila ovaries. Methods Mol. Biol. 1093, 161–169 (2014).

38. Boettiger, A. N. & Levine, M. Rapid transcription fosters coordinate snail expression in the Drosophila
embryo. Cell Rep. 3, 8–15 (2013).

39. Bantignies, F. & Cavalli, G. Topological organization of Drosophila Hox genes using DNA fluorescent in situ
hybridization. Methods Mol. Biol. 1196, 103–120 (2014).

40. Moffitt, J. R. et al. High-throughput single-cell gene-expression profiling with multiplexed error-robust
fluorescence in situ hybridization. Proc. Natl Acad. Sci. USA 113, 11046–11051 (2016).

41. Fung, J. C., Marshall, W. F., Dernburg, A., Agard, D. A. & Sedat, J. W. Homologous chromosome
pairing in Drosophila melanogaster proceeds through multiple independent initiations. J. Cell Biol. 141,
5–20 (1998).

42. Cattoni, D. I. et al. Single-cell absolute contact probability detection reveals chromosomes are organized by
multiple low-frequency yet specific interactions. Nat. Commun. 8, 1753 (2017).

43. Lagha, M. et al. Paused Pol II coordinates tissue morphogenesis in the Drosophila embryo. Cell 153,
976–987 (2013).

44. Ashburner, M., Golic, K. G. & Hawley, R. S. Drosophila: A Laboratory Handbook (Cold Spring Harbor
Laboratory Press, 2011).

45. Ferrandiz, C. & Sessions, A. Preparation and hydrolysis of digoxygenin-labeled probes for in situ hybridi-
zation of plant tissues. CSH Protoc. https://doi.org/10.1101/pdb.prot4942 (2008).

Acknowledgements
This project received funding from the European Research Council (ERC) under the European Union’s Horizon 2020 Research and
Innovation Program (grant 724429). This work also benefited from support from Labex EpiGenMed, an ‘Investments for the Future’
program (grant ANR-10-LABX-12-01). We acknowledge the France-BioImaging infrastructure supported by the French National
Research Agency (grant ANR-10-INBS-04, ‘Investments for the Future’).

Author contributions
A.M.C.G. and M.N. designed the experiments. A.M.C.G. and M.N. designed the Oligopaints probes. C.H. amplified and purified the
Oligopaints libraries. A.M.C.G., C.H., S.M.E. and J.G. developed the RNA/DNA staining protocol; A.M.C.G., S.M.E., J.G. and D.I.C.
conducted the experiments. J.-B.F. designed and built the microscopy setup and acquisition software. M.N. developed the software for
image analysis. A.M.C.G., and J.G. analyzed the data. A.M.C.G., D.I.C. and M.N. wrote the manuscript. All authors reviewed and
commented on the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41596-019-0269-9.

Correspondence and requests for materials should be addressed to M.N.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

NATURE PROTOCOLS PROTOCOL

NATURE PROTOCOLS | VOL 15 |MARCH 2020 | 840–876 |www.nature.com/nprot 875



Received: 28 May 2019; Accepted: 7 November 2019;
Published online: 22 January 2020

Related link
Key reference using this protocol
Cardozo Gizzi, A. M. et al. Mol. Cell 74, 212–222.e5 (2019): https://doi.org/10.1016/j.molcel.2019.01.011

PROTOCOL NATURE PROTOCOLS

876 NATURE PROTOCOLS | VOL 15 |MARCH 2020 | 840–876 |www.nature.com/nprot



1

nature research  |  reporting sum
m

ary
O

ctober 2018

Corresponding author(s): Marcelo Nollmann

Last updated by author(s): Oct 20, 2019

Reporting Summary
Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Image acquisition, sample positioning and fluidics handling during Hi-M experiments were controlled by a custom-made software 
package developed in LabView 2015. 

Data analysis Images were deconvolved using Huygens deconvolution software (Scientific Volume Imaging, https://svi.nl/HuygensSoftware) 
Hi-M data analysis coded in Matlab 2017b (Mathworks) was employed for data analysis

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers. 
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

Provide your data availability statement here.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences



2

nature research  |  reporting sum
m

ary
O

ctober 2018

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size N/A

Data exclusions N/A

Replication N/A

Randomization N/A

Blinding N/A

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Clinical data

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Anti-Digoxigenin-POD, Fab fragments (Sigma, cat. no. 11207733910)

Validation Describe the validation of each primary antibody for the species and application, noting any validation statements on the 
manufacturer’s website, relevant citations, antibody profiles in online databases, or data provided in the manuscript.

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) Wild-type fruit flies (Bloomington Drosophila Stock Center) embryos

Authentication N/A

Mycoplasma contamination N/A

Commonly misidentified lines
(See ICLAC register)

N/A



References

[ , 1665] , Robert, H. (1665). Micrographia: or, Some physiological descriptions of
minute bodies made by magnifying glasses. The Royal Society.

[Akgol Oksuz et al., 2021] Akgol Oksuz, B., Yang, L., Abraham, S., Venev, S. V., Kri-
etenstein, N., Parsi, K. M., Ozadam, H., Oomen, M. E., Nand, A., Mao, H., Genga,
R. M. J., Maehr, R., Rando, O. J., Mirny, L. A., Gibcus, J. H., and Dekker, J. (2021).
Systematic evaluation of chromosome conformation capture assays. Nature Methods,
pages 1–10. Bandiera abtest: a Cg type: Nature Research Journals Primary atype: Re-
search Publisher: Nature Publishing Group Subject term: Genomic analysis;Genomics
Subject term id: genomic-analysis;genomics.

[Albiez et al., 2006] Albiez, H., Cremer, M., Tiberi, C., Vecchio, L., Schermelleh, L.,
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[Cremer et al., 2003] Cremer, M., Küpper, K., Wagler, B., Wizelman, L., Hase, J. v.,
Weiland, Y., Kreja, L., Diebold, J., Speicher, M. R., and Cremer, T. (2003). Inheritance
of gene density–related higher order chromatin arrangements in normal and tumor cell
nuclei. Journal of Cell Biology, 162(5):809–820.

[Cremer et al., 1982] Cremer, T., Cremer, C., Schneider, T., Baumann, H., Hens, L., and
Kirsch-Volders, M. (1982). Analysis of chromosome positions in the interphase nucleus
of Chinese hamster cells by laser-UV-microirradiation experiments. Human Genetics,
62(3):201–209.

174



[Cremer and Cremer, 2010] Cremer, T. and Cremer, M. (2010). Chromosome Territories.
Cold Spring Harbor Perspectives in Biology, 2(3):a003889. Company: Cold Spring Har-
bor Laboratory Press Distributor: Cold Spring Harbor Laboratory Press Institution:
Cold Spring Harbor Laboratory Press Label: Cold Spring Harbor Laboratory Press
Publisher: Cold Spring Harbor Lab.

[Croft et al., 1999] Croft, J. A., Bridger, J. M., Boyle, S., Perry, P., Teague, P., and Bick-
more, W. A. (1999). Differences in the Localization and Morphology of Chromosomes
in the Human Nucleus. Journal of Cell Biology, 145(6):1119–1131.

[Dekker et al., 2002] Dekker, J., Rippe, K., Dekker, M., and Kleckner, N. (2002). Captur-
ing Chromosome Conformation. Science, 295(5558):1306–1311. Publisher: American
Association for the Advancement of Science Section: Report.

[Delaval and Feil, 2004] Delaval, K. and Feil, R. (2004). Epigenetic regulation of mam-
malian genomic imprinting. Current Opinion in Genetics & Development, 14(2):188–
195.

[Delest et al., 2012] Delest, A., Sexton, T., and Cavalli, G. (2012). Polycomb: a paradigm
for genome organization from one to three dimensions. Current Opinion in Cell Biology,
24(3):405–414.

[Denholtz et al., 2013] Denholtz, M., Bonora, G., Chronis, C., Splinter, E., de Laat, W.,
Ernst, J., Pellegrini, M., and Plath, K. (2013). Long-Range Chromatin Contacts in
Embryonic Stem Cells Reveal a Role for Pluripotency Factors and Polycomb Proteins
in Genome Organization. Cell Stem Cell, 13(5):602–616. Publisher: Elsevier.
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